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VISUALIZING AND CHARACTERIZING WHITE MATTER FIBER STRUCTURE
AND ARCHITECTURE IN THE HUMAN PYRAMIDAL TRACT USING DIFFUSION

TENSOR MRI

ANETTE VIRTA, ALAN BARNETT, AND CARLO PIERPAOLI
Neuroimaging Branch, NINDS, National Institutes of Health, Bethesda, MD, USA

We used diffusion tensor imaging to assess diffusion anisotropy in the pyramidal tract in ten young, and ten
elderly subjects (five males and five females in each group). The purpose of this study was to define normative
values for anisotropy at different anatomic levels of the brainstem as well as to assess differences due to age,
gender, and laterality. In all subjects, anisotropy was highest in the cerebral peduncle, lowest in the caudal pons,
and intermediate in the medulla. In the pons and medulla the regional variability was high, with significant
differences in anisotropy even between contiguous slices. Multifactorial ANOVA (performed using the average
value of anisotropy within each region of interest) revealed that elderly subjects had significantly lower values
than young subjects in the cerebral peduncle, with no differences in the pons and medulla. No significant
differences in anisotropy due to gender and side were found. The differences in anisotropy at different levels of
the brainstem reflect differences in the local architecture of white matter fibers. Anisotropy is high in the cerebral
peduncle because fibers have a highly ordered arrangement, while in the pons and medulla, anisotropy is lower
because the local fiber architecture is less coherent due to the presence of other fibers and nuclei. The biologic
meaning of the intergroup differences in anisotropy is discussed in light of the structure and architecture of the
tissue under investigation. We also consider potential sources of artifacts, such as noise and motion, partial
volume contamination, anatomic mismatching, and the use of inappropriate statistical tests. We conclude that the
age-related decrease in anisotropy in the cerebral peduncle is not artifactual but rather reflects subtle structural
changes of the aging white matter. Our study however shows that caution must be exercised in interpreting

diffusion anisotropy data. © 1999 Elsevier Science Inc.
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INTRODUCTION

Magnetic resonance imaging (MRI) has been increas-
ingly used to study tissue water diffusion in vivo. By
acquiring diffusion-weighted images (DWIs) with diffu-
sion gradients oriented in at least six non-collinear di-
rections, it is possible to estimate the diffusion tensor (D)
in each voxel.! Diffusion tensor data can in turn be used
to compute quantities that characterize specific features
of the diffusion process, such as the principal diffusivi-
ties (eigenvalues of D), the trace of the diffusion tensor
(Trace(D)), indices of diffusion anisotropy, and the prin-
cipal directions of diffusion (eigenvectors of D) (See
ref.? for a review). These diffusion parameters can pro-
vide clinically useful information that is not available

from conventional, relaxometry-based MRI. Significant
changes of Trace(D), which is proportional to the orien-
tationally averaged diffusion coefficient, has been ob-
served in brain ischemia and stroke,>* as well as in
normal brain development.>~" Anisotropy measures have
been shown to provide information about the integrity
and structural arrangement of white matter fibers®® that
may be useful in investigating several white matter dis-
eases. Using diffusion anisotropy as a diagnostic tool to
detect subtle changes in white matter structure, however,
is not straightforward and data analysis in particular is
complicated by several factors. First, unlike signal inten-
sity in T,- and T,- weighted images, diffusion anisotropy
varies widely among different white matter regions, re-
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flecting differences in fiber-tract architecture.® This in-
herent regional variability makes identification of abnor-
malities more difficult. Second, thermal noise in the MR
images'® and motion artifacts can severely affect aniso-
tropy measurements. Finally, the clinical use of diffusion
anisotropy would necessitate creating normative data-
bases that are presently unavailable.

In this study, we used diffusion tensor MRI in normal
volunteers to investigate the descending pathways lo-
cated in the ventral portion of the brainstem. We use the
term “pyramidal tract” to refer to these structures with a
broad meaning to include all corticospinal and cortico-
pontine fibers in addition to the fibers originating from
the cells of Betz.***?

The main goal of this study was to characterize dif-
fusion anisotropy in the pyramidal tract at different lev-
els of the brainstem, and to assess differences related to
age, gender, and laterality. Since postmortem studies in
the aged brain indicate moderate neuronal cell loss, re-
placement gliosis, and loss of myelin,®® we were partic-
ularly interested in determining whether subtle age-asso-
ciated changes produced detectable anisotropy changes
in white matter that appears normal in the conventional
MRI. Additionally, we discuss our data in light of the
effects that thermal noise and motion artifacts in the
DWIs may exert on the quantitative assessment of dif-
fusion anisotropy.

MATERIALS AND METHODS

Subjects

Ten young (aged 24-36 years, mean 29.5) and ten
elderly (aged 64-76 years, mean 69.2) healthy volun-
teers participated in the study. Each age group was
composed of five males and five females. All subjects
were right-handed with the exception of one young male
and one elderly female. Inclusion criteria were: a) normal
neurologic examination, and: b) absence of abnormalities
in the conventional MRI. However, since focal hyperin-
tensities are extremely common in the T,-weighted im-
ages of healthy elderly subjects,***> small white matter
hyperintensities were accepted in this age group pro-
vided that they were not located in either the pyramidal
tract or the internal capsule.

MRI

All imaging studies were performed witha 1.5 T GE
Signa Horizon EchoSpeed spectrometer, equipped with a
whole-body gradient coil able to produce gradient pulses
up to 22 mT/m and a birdcage quadrature radio-fre-
quency coil (GE Medical Systems, Milwaukee, WI).
Head motion was reduced by placing padding on both
sides of the subject’s head. Diffusion images were ac-
quired with an interleaved spin-echo echo-planar imag-

ing sequence with a navigator echo to correct motion
artifacts.*®'” A description of the algorithms used for
image reconstruction is presented elsewhere.’®'° The
following acquisition parameters were used: 30-33 con-
tiguous axial slices; 3.5-mm slice thickness; 220-mm
field-of-view; 128 X 128 in-plane resolution (8 inter-
leaves, 16 echoes per interleaf); echo-time of 78 ms; and
repetition time of greater than 5 s with cardiac gating
(3—4 acquisitions per heart beat starting with a 200 ms
delay after the rise of the sphygmic wave as measured
with a peripheral pulse oxymeter). We also acquired
conventional fast spin echo T;-, T,-, and proton density-
weighted images matching the slices of the diffusion
study, having however a higher in-plane resolution
(256 X 256). Six logical gradient directions were sam-
pled,® with four images acquired for each direction at
maximum gradient strength (21 mT/m), yielding a b-
value (i.e., trace of the b-matrix®°) of 1,006 ss/mm?. Four
images with no diffusion gradients were also acquired
for a total of 28 images per slice. The total imaging time
was approximately 30—40 min depending on the sub-
ject’s heart rate. Following image reconstruction, we
numerically computed the b-matrix for each image®® and
calculated the diffusion tensor (D) in each voxel accord-
ing to Basser et al." From D we computed maps of the
three principal diffusivities (eigenvalues of D) A, A,,
and A5, Trace(D), the principal directions of diffusion
(eigenvectors of D), the “relative” anisotropy index,?*
and the “lattice” anisotropy index.'® The lattice aniso-
tropy index, LI, is a rotationally invariant measure of
diffusion anisotropy that is relatively immune from bias
induced by noise in the diffusion-weighted images. It is
computed using:

LI _Lg \/Dref:DN § Dref:DN (1)
§ \’@ V/Dref: Dn 4 \/Dref: Drer V//DN:DN

where D, Dy denotes the tensor dot product between
the diffusion tensor of the given voxel D, and that of
the neighboring voxel Dy. D (italic) indicates the aniso-
tropic part of the diffusion tensor or “deviatoric” ten-
sor.?! The formula of the lattice index is reported here
because it contained typographical errors in the original
publication.’® A more detailed description of the quan-
tities appearing in the formula, and the properties of the
lattice anisotropy index are reported in reference.®

Region-of-Interest Analysis

Regions-of-interest (ROIs) were manually drawn on
the left and right pyramidal tract on all slices in the
brainstem from a level slightly above the red nucleus to
a level just above the pyramidal decussation. In the
medulla, the left and right pyramidal tract could not be
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clearly separated and, therefore, only a single ROI in-
cluding both structures was drawn. The pyramidal tract
was identified on the anisotropy maps. Color maps of
fiber direction® were also used to identify and exclude
from the ROI voxels which contained anisotropic fibers
that did not have an orientation consistent with the
known orientation of the pyramidal tract, such as the
transverse pontine fibers (See Fig. 1). In the brainstem,
the pyramidal tract runs in the proximity of cerebrospinal
fluid (CSF) containing spaces. To define the boundaries
between CSF and tissue, we used objective criteria that
do not rely on visual inspection. Since Trace (D) is
markedly higher in CSF (Trace(D) = 9600 uwm?/s) than
in the brain tissue (Trace(D) = 1950-2200 um?/s),
tissue segmentation procedures based on Trace (D) val-
ues can be effectively used to differentiate CSF from
brain parenchyma.® We empirically found that, at the
level of the cerebral peduncle and the pons, none of the
voxels having Trace(D) above 3000 um?/s was located
in the center of the pyramidal tract in any of the subjects.
Therefore, we drew the ROIs without attempting to ex-
clude CSF, but then we excluded all voxels having
Trace(D) above 3000 um?/s from the analysis. At the
level of the medulla, the pyramidal tract is so thin that
using this threshold often excluded all voxels in the ROI.
Therefore, in the medulla we accepted a higher level of
CSF contamination by setting the Trace(D) threshold to
3500 wm?/s.

Signal-to-noise Ratio and Motion Artifact Index. In
each slice, we identified three regions: 1) a region con-
taining either the entire brain or the ROI under investi-
gation (named “object”); 2) a region positioned in the
background of the image in the phase encode direction
adjacent to the object (named “bp”); and 3) a region
positioned in the background of the image in the fre-
quency encode direction (named “bf”). Defining P as the
average of the sum of the squares of the signal intensity
in all voxels contained in the region, the average signal-
to-noise ratio (SNR) for the object region is given by:

_—

SNR = \[Popject/Pos 2
We define the motion artifact index (MA) as
MA = (Pbp - be) * 100/(P0bject)- (3)

In the absence of motion artifacts, bp and bf should have
similar signal, represented essentially by thermal noise*;
therefore, Py, — Py should be close to zero. Subject
motion causes additional ghosts in the phase encode
direction in multishot diffusion weighted images. These
artifacts can be reduced but not completely eliminated

using the parameters measured with navigator echoes. In
particular, navigator echoes cannot suppress ghosts due
to non-rigid body motion. The result of uncorrected
motion is an increase in Py, with no change in Py, and
hence an increase in MA. MA as defined in equation 3 is
Ppp — Ppe Normalized with respect to Pgpjec, and ex-
pressed as a percentage. MA is not a measure of the
subject motion, it is instead an index of how corrupted
diffusion weighted images are because of uncorrected
motion.

Statistical Analysis

Multifactorial ANOVA was used to assess the effect
of age, gender, and side (left and right) on diffusion
anisotropy, Trace(D), and the eigenvalues of D. The
effect of side was assessed first by including all subjects
in the analysis, and then by excluding the two left-
handed subjects. The analysis was performed in three
anatomic regions of the brainstem (cerebral peduncle,
pons, and medulla). For each anatomic region, data from
three contiguous slices were included, making every
effort to ensure optimal anatomic matching between ho-
mologous regions from different subjects (Fig. 1). In the
medulla, the effect of side was not tested because left and
right ROIs could not be differentiated reliably. For each
diffusion parameter, ANOVA was performed first by
using the values of the individual voxels included in the
anatomic region, and then by using the mean value of
each ROI.

The effect of thermal noise and subject motion on
anisotropy values was assessed by testing whether a
significant correlation existed between lattice anisotropy
index and SNR, and between lattice anisotropy index and
MA. For this analysis, we used average values of aniso-
tropy, SNR, and MA in the three contiguous slices where
the cerebral peduncle ROIs were defined. The “object”
region included the whole brain with the exclusion of
voxels containing CSF (Trace(D) above 3000 um?/s).
We also tested for significant differences in SNR and
MA among different age and gender groups by perform-
ing multifactorial ANOVA on this dataset.

* EPI images are susceptible to artifacts due to differences
between even and odd echoes in each echo train. These artifacts
consist of ghost images displaced from the main image in the
phase encode direction. These ghosts are unrelated to subject’s
motion and are present even in images acquired with no diffu-
sion weighting. We use parameters obtained from a reference
scan, which consists of an EPI acquisition without phase en-
code blips, to reduce this artifact. In images of a phantom
obtained with the same sequence that was used for our diffu-
sion study we found that MA was the order of 0.13%, indicat-
ing that the contribution of these ghosts is negligible.
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Fig. 1. (A) T,-weighted images, lattice anisotropy index maps, and Trace(D) maps of the cerebral peduncle (1), pons (I1), and medulla
(11). For each anatomic area, the middle slice of the three slices included in the statistical analysis is shown. The rectangle encloses
the region that is presented magnified in (B). In the anisotropy maps, bright voxels indicate high diffusion anisotropy and correspond
to white matter fibers whereas dark voxels indicate low anisotropy and correspond to CSF and gray matter. In the Trace(D) maps,
bright voxels indicate high Trace(D) and correspond to CSF, while the dark voxels indicate low Trace(D) and corresponds to gray
and white matter. (B) Magnified anisotropy and directionally encoded color maps of the cerebral peduncle (1), pons (I1), and medulla
(111). The color maps show the fiber orientation as indicated by the direction of the eigenvector associated with the largest principal
diffusivity (e,) in each voxel.?? In this representation, the components of e, are associated with the three primary colors: red, green,
and blue. Red color corresponds to left-right, green to anterior-posterior, and blue to rostral-caudal fiber orientation. Fibers with
oblique orientation are depicted with colors resulting from the combination of the three primary colors. See Reference 22 for
additional details.
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Fig. 2. Representative values of lattice anisotropy index in the pyramidal tract for all brainstem slices imaged in this study. Mean
values =+ standard deviations from a 71-year-old male subject are shown. The 3.5-mm thick contiguous slices begin at the level of
the cerebral peduncle right above the red nucleus (slice number 1) and end in the medulla right above the pyramidal decussation (slice
number 15). For each anatomic area, the three slices included in the statistical analysis are indicated by filled squares.

RESULTS

Diffusion anisotropy in the pyramidal tract varied
widely at different anatomic levels of the brainstem. In
all subjects, regardless of age and gender, anisotropy was
clearly higher in the cerebral peduncle than in the pons
and medulla (Fig. 2 and Table 1). In each subject, an-
isotropy had similar average values in all slices at the
level of the cerebral peduncle, whereas it varied mark-
edly between consecutive slices in the pons and medulla
(Fig. 2). Even in the cerebral peduncle, however, there
was a broad distribution of values within the ROI with
the lattice anisotropy index ranging between 0.2 and 0.9
(Fig. 3). Lower values were generally found in voxels
situated at the periphery of the ROI. Additionally, sub-
jects of the same age and gender sometimes presented
markedly different distribution of values in the same
anatomic ROI (Fig. 3).

Mean anisotropy values and standard deviations
(SDs) for each age, gender, and laterality group in each
anatomic area are shown in Table 1. We report the results
of the statistical analysis performed using the lattice
anisotropy index, however, by using the relative anisot-
ropy index data we found results similar to those ob-
tained with the lattice index. In the following text the first
of the two p values reported corresponds to the “individ-

ual voxel” analysis, and the second to the “mean value”
analysis described in the Materials and Methods. In the
cerebral peduncle, anisotropy was slightly but signifi-
cantly higher in the young than in the elderly (Fig. 4)
(p < 0.0001, p = 0.039), while there were no significant
differences between male and female, and left and right
side. In the pons, neither age, gender, nor side showed
significant effects. In the medulla, anisotropy was
slightly higher in the elderly compared to the young (p =
0.045, 0.58), and in the male compared to the female
(p = 0.0055, 0.13). However, these differences were
statistically significant only in the “individual voxel”
analysis, but not in the “mean value” analysis. Trace (D)
was higher in the young than in the elderly in the cerebral
peduncle (p < 0.0001, p < 0.0001), pons (p < 0.0001,
p < 0.0001), and medulla (p < 0.0001, p = 0.29), while
there were no differences between left and right and male
and female.

We also analyzed the three principal diffusivities (eig-
envalues of D) in order to better understand the origin of
the measured differences in anisotropy. The mean values
of the sorted principal diffusivities = SD for each group
in each anatomic area are presented in Table 1. In the
cerebral peduncle, the largest principal diffusivity, A,,
was about 10% higher in the young than in the elderly
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Table 1. Values of diffusion tensor-derived quantities in different groups of subjects
Lattice Relative
anisotropy index anisotropy Trace (D) AL A2 A3
Cerebral
peduncle
Young 0.53 = 0.13 0.53 = 0.13 2351 + 110 1595 + 111 484 + 59 273 = 48
Elderly 0.51 £0.13 0.50 £0.13 2234 + 169 1460 = 120 491 = 71 283 £ 55
Female 0.52 = 0.13 0.52 = 0.13 2290 = 156 1536 + 142 478 + 62 277 =52
Male 0.52 £ 0.12 0.51 £0.13 2294 + 153 1519 + 125 497 + 67 279 £ 51
Right 0.52 £0.13 0.52 £0.13 2296 *+ 161 1537 = 135 477 = 56 282 = 53
Left 0.52 = 0.13 0.51 = 0.13 2288 + 148 1517 £ 132 497 £ 72 274 =50
Pons
Young 0.35 £0.12 0.36 £ 0.11 2220 = 149 1206 = 102 690 * 68 324 = 60
Elderly 0.35 = 0.12 0.36 = 0.11 2072 + 118 1129 + 95 628 = 60 316 = 57
Female 0.35 £0.12 0.36 £ 0.11 2146 = 143 1172 = 101 657 = 62 318 =55
Male 0.35 £0.12 0.36 £ 0.11 2146 = 164 1164 = 111 661 = 79 322 = 62
Right 0.35 = 0.12 0.36 = 0.11 2145 + 159 1166 + 105 663 = 80 317 = 62
Left 0.34 £0.12 0.36 £ 0.11 2148 = 149 1170 = 107 655 *+ 62 323 =55
Medulla
Young 0.31 = 0.10 0.35 =0.11 3348 + 563 1499 + 117 715 + 68 484 + 47
Elderly 0.32 £0.12 0.36 £ 0.14 3213 + 385 1473 = 109 678 = 81 477 = 59
Female 0.30 £ 0.10 0.35 £0.13 3233 = 542 1483 = 126 709 = 72 489 + 51
Male 0.33 = 0.12 0.36 = 0.13 3328 + 420 1490 *+ 100 684 + 80 472 £ 54
(p < 0.0001, p < 0.0001), the smallest principal diffu- . Subject 1, Young Female
sivity, A5, was slightly lower (p = 0.03, p = 0.28), while
there was no difference in A,, the intermediate diffusiv- 40 1 —
ity. In the medulla, A, was slightly higher in the young °
compared to the elderly (p = 0.01, p = 0.06), and in the e 30
female compared to the male (p = 0.04, p = 0.19), §
whereas there were no difference in A, and ;. Again, S 207
these differences in the medulla reached statistical sig- é’ 104
nificance only in the “individual voxel” analysis, but not 3
in the “mean value” analysis. 0 ;

Anisotropy showed a negative correlation with SNR
(slope = —8.8 X 107% r*> = 0.12, p = 0.0066), and a
positive correlation with the motion artifact index MA
(slope = 0.012, r* = 0.11, p = 0.0096) (Fig. 5). There
was no difference in SNR or MA between young and
elderly subjects. SNR was significantly lower (p =
0.0003), and MA was significantly higher (p = 0.032) in
the male than in the female group.

DISCUSSION

Diffusion tensor MRI provides parameters that reflect
intrinsic diffusivity properties of the tissue and are inde-
pendent of the subject’ s orientation in the magnet.
Clinically, this should facilitate quantitative comparison
of data acquired in different subjects as well as of data
acquired in the same subject at different time points.
However, methodological aspects of data acquisition and
analysis can critically affect the results of a group anal-
ysis of diffusion tensor data in general, and diffusion

o 1 2 3 4 5 6 7 8 9
Lattice Anisotropy Index
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501" ‘ . : , .

Number of Voxels
n
o
o

o 41 2 3 4 5 6 7 8 9
Lattice Anisotropy Index

Fig. 3. Histogram of lattice anisotropy index values at the
level of the cerebral peduncle in two young female subjects.
Distribution of the lattice anisotropy index values varied mark-
edly among subjects in the same age and gender group.
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Fig. 4. Histogram of all lattice anisotropy index values measured in the young and elderly volunteers at the level of the cerebral
peduncle. While the total number of anisotropic voxels is not markedly different between the two populations, the distribution is

shifted toward lower anisotropy values in the elderly.

anisotropy data in particular. Before discussing the bio-
logic findings of our study we will address some of these
methodological aspects such as the criteria chosen to
define the anatomic region of interest and the approach
used for statistical analysis. We will also discuss some
general issues related to the biologic interpretation of
diffusion anisotropy data.

Definition of the Anatomic ROI

Determining the boundaries of the structure of inter-
est, and avoiding partial volume contamination from
neighboring structures are common problems in quanti-
tative image analysis. Although the pyramidal tract in the
brainstem is generally well identified on anisotropy maps
(see Fig. 1), precisely defining its boundaries with adja-
cent structures is difficult. Partial volume contamination
can originate from surrounding isotropic tissue such as
CSF and gray matter, and, in regions such as the pons,
from other neighboring white matter structures. We used
objective criteria (see Materials and Methods section) to
define the boundaries of our structure of interest, such as
Trace(D) to exclude CSF, and the directional information
contained in the eigenvectors of D to exclude voxels
containing anisotropic fibers not belonging to the pyra-
midal tract. We chose this approach rather than relying
entirely on visual inspection to reduce the possibility that

eventual differences between groups could originate
from operator-induced bias in defining the ROI. Since
diffusion anisotropy in the brain varies widely among
different structures, its measurement depends critically
on the approach chosen to define the ROI. For example,
Pierpaoli et al.® measured the anisotropy in the pyramidal
tract of normal young subjects using a similar diffusion
tensor protocol but including in the analysis only voxels
in the center of the structure being investigated. This
previous study reported a lattice anisotropy index value
of 0.73 = 0.06 at the level of the cerebral peduncle,
which is almost 40% higher than our measurement of
0.53 = 0.13. This discrepancy is essentially explained by
differences in the approach used to determine the ROI. In
fact, voxels with the highest anisotropy values are typi-
cally located in the center of the fiber structure, while
low values are observed in the periphery. Voxels with
low anisotropy suffer from partial volume contamination
from the surrounding isotropic tissue, whereas voxels
with high anisotropy (0.6 to 0.9) most likely include only
white matter fibers.

We underscore that in using diffusion anisotropy in-
formation clinically, it is essential to agree upon uniform
standards for image analysis. In the absence of uniform
criteria it will be difficult to carry out multicenter studies
of diffusion anisotropy or even compare literature data
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Fig. 5. Linear regression plots of lattice anisotropy index vs.
signal to noise ratio (SNR) (upper panel), and lattice anisotropy
index vs. motion artifact index (MA) (lower panel) for all
subjects included in the study. The circles represent the average
values of anisotropy, SNR, and MA in the three contiguous
slices where the cerebral peduncle ROIs were defined. Anisot-
ropy values were significantly correlated with both SNR and
MA.

obtained in different centers. Moreover, since it is very
often impossible to achieve a “blind” analysis of imaging
data, investigators should be concerned with the risk of
operator-induced bias in intergroup analyses.

Statistical Analysis of Anisotropy Data

The main problem with statistical analysis of diffu-
sion anisotropy data are that noise in the diffusion-
weighted images not only increases the variance of the
measured anisotropy, but also biases its mean value.®
Specifically, the same structure imaged with low SNR
diffusion-weighted images will appear more anisotropic
than if imaged with high SNR. Bias also could arise from
motion artifacts, although we are unaware of any sys-
tematic study that addresses this issue. Our finding of a
positive correlation between diffusion anisotropy values

and the motion artifact index provides evidence for this
proposition.

The most troubling consequence of this noise- and
motion-induced bias is that conventional statistical tests
cannot be used reliably to assess differences in anisot-
ropy between datasets acquired with different SNR and
amounts of ghosting. Since there are no established sta-
tistical methods for accounting for these effects, one may
use standard statistical tests, such as ANOVA, only to
screen for possible intergroup differences. We should
never assume, however, that “statistically significant”
differences in such tests reflect a true biologic difference
without further investigating the possible effects of noise
and motion.

To assess intergroup differences, we used two ap-
proaches: we performed ANOVA using both the values
of all individual voxels within the ROI, and using only
the mean value of all voxels within the ROI. These two
methods of analysis represent two extremes: the first
treats each voxel as an independent observation, while
the second treats the entire ROI as a single independent
observation. The individual voxel analysis almost cer-
tainly overstates the significance of the results, because it
assumes that there is no correlation between anisotropy
values in different voxels, while actually voxels are
spatially correlated. On the other hand, the mean value
analysis probably understates the significance because it
discards all information about variance of the anisotropy
values within the ROI and pools all voxels into one
observation.

We decided to analyze our data using these two ap-
proaches because both of them have been used to assess
intergroup anisotropy differences in previous studies.
Voxel by voxel analysis, in particular, appears to be the
approach of choice in studies where anisotropy maps
from different subjects are warped to a common tem-
plate.?® We wanted to test whether in our study these two
approaches would lead to similar results. In general,
however, we found that the individual voxel analysis was
more likely to reveal significant differences than the
mean value analysis. We can not exclude that differences
significant only in the individual voxel analysis may
have a real biologic origin, and that the mean voxel
analysis is simply not sensitive enough to detect them. At
the same time, we must acknowledge that significant
differences found using the mean value analysis should
be regarded as more reliable. Further studies are needed
to find an optimal approach for statistical analysis of
diffusion anisotropy data. It would be desirable to use all
the voxels in the ROI, while taking into account the
spatial correlation of neighboring voxels.?*
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Biologic Interpretation of Anisotropy Measurements

The biologic determinants of diffusion anisotropy in
the white matter are not completely understood, although
it appears that both “structural” and “architectural” fea-
tures of the tissue play a role. Fiber integrity is an
important structural feature that one can investigate us-
ing diffusion anisotropy.® Other microstructural features
include degree of tissue hydration, fiber and neuroglial
cells packing density, degree of myelination, and fiber
diameter. However, it is difficult to assess the extent of
the individual contribution of these factors to the mea-
sured diffusion anisotropy experimentally. The main ar-
chitectural feature affecting diffusion anisotropy is the
degree of local orientational coherence of the fibers.®
Regions such as the corpus callosum, internal capsule,
and cerebral peduncle, where fibers are coherently ori-
ented within the voxel, have higher anisotropy than re-
gions such as the centrum semiovale and other subcor-
tical areas where there is less coherence in the intravoxel
orientation of fibers.®

In this work, anisotropy of the pyramidal tract varied
markedly between the cerebral peduncle, pons, and me-
dulla (Fig. 2). We believe that this heterogeneity in
anisotropy originates from the remarkably heterogeneous
architectural features of the pyramidal tract at different
anatomic levels of the brainstem. In the cerebral pedun-
cle, anisotropy is high because the fibers are oriented
parallel to each other, and there are no other pathways
crossing or branching of collaterals. By contrast, in the
pons and medulla, anisotropy is relatively low because in
the pons, the pyramidal tract splits into multiple bundles
interdigitating with the transverse pontine fibers and, in
the medulla, fibers are interspersed with various nuclei
and roots of cranial nerves. It is also interesting to note
that anisotropy was relatively constant at different levels
of the cerebral peduncle while in the pons and medulla
there were significant differences in anisotropy even
between contiguous slices (Fig. 2), reflecting the higher
histologic heterogeneity of the pons and medulla com-
pared with the cerebral peduncle.

The high orientational coherence of the fibers at the
level of the cerebral peduncle ensures that differences in
anisotropy can be attributed to tissue structure rather than
architecture. We found a large distribution of anisotropy
values within the cross-sectional area of the cerebral
peduncle (anisotropy varied from 0.2 to 0.9) (Fig. 3),
with the highest values being located in the center of the
structure. Histopathological degeneration studies show
the presence of “functional” lamination in the cerebral
peduncle (i.e., fibers directed to the face and upper limbs
are located medially to the fibers directed to the lower
limbs.) (See®® for a review.) However, the anatomic
literature does not suggest that “structural” differences
accompany this functional arrangement of fibers. Ac-

cordingly, the topographic distribution of the anisotropy
values found in this study does not show differences in
the medial-lateral direction. Instead, the cross-sectional
distribution of anisotropy values appears to reflect partial
volume contamination from adjacent isotropic structures,
as discussed above. Interestingly, however, the number
of voxels showing high anisotropy values, which are less
likely to be affected by partial volume contamination,
varied markedly between different subjects (Fig. 3). This
high intersubject variability probably originates from
interindividual differences in the number, size, and my-
elination of the pyramidal tract fibers. These intersubject
differences are reported in the anatomic literature.*?

Intergroup Comparisons in the Cerebral Peduncle

We found that the elderly had lower anisotropy than
the young in the cerebral peduncle. Specifically the num-
ber of the very high anisotropy voxels (anisotropy range
0.6-0.8) was reduced in the elderly (Fig. 4), indicating
that our finding cannot be explained by partial volume
contamination. Errors due to subtle anatomic mismatch-
ing are negligible because anisotropy was relatively con-
stant in the consecutive slices in the cerebral peduncle.
Neither noise nor motion appears to play a role in this
finding because there were no differences in the SNR and
MA between young and elderly subjects. Moreover, the
differences were statistically significant using both the
individual voxel and the mean value analysis. Finally,
histopathological studies suggest changes in aging white
matter that are consistent with diffusion changes found in
this study. The eigenvalues of D show that, in the elderly,
anisotropy is reduced mostly because water diffusivity
parallel to the fibers (A;) is decreased. This type of
change in the displacement profile of the water mole-
cules could arise from a relative decrease of the volume
fraction of the anisotropic tissue (i.e., axons) in the
voxel. Histopathological studies have shown diffuse my-
elin pallor,®® and loss of small myelinated fibers®®2” in
the aged white matter. Similarly, a recent autopsy study
of the corticospinal tract in the spinal cord reported that
the density of the small myelinated fibers decreased due
to aging.?® According to Meier-Ruge et al.,?’ part of the
volume loss caused by the loss of fibers was compen-
sated by an increased volume of extracellular matrix
whereas other studies have found subtle reactive glio-
sis.2%3% Decreased number of small myelinated fibers
accompanied by reactive gliosis or increased extracellu-
lar matrix could explain the decreased anisotropy in the
elderly. However, age-related changes in the water con-
tent could also contribute to the measured decreased
diffusivity parallel to the fibers. Reduced overall concen-
tration of tissue water mainly affects the relatively mo-
bile “free” water pool rather than the more hindered
“bound” water associated with macromolecules. The re-
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duced concentration of “free” water, in turn, will result in
decreased measured diffusivity, more remarkable in the
direction parallel to the fibers because of the absence of
membranes or other barriers. A recent in vivo spectros-
copy study has indeed shown that the brain tissue water
content is decreased in the elderly compared to the
young.®! In addition, our study demonstrates that the
elderly had lower Trace(D) than the young, a finding
consistent with decreased concentration of tissue water
in the elderly.

Intergroup Comparisons in the Pons and Medulla

In the pons we found no differences between groups.
In the medulla we found statistically higher anisotropy in
the elderly compared to young subjects, and in males
compared to females using the “individual voxel analy-
sis,” and no differences between groups using the “mean
value” analysis. Taken at face value and interpreted
uncritically, these results contradict our findings in the
cerebral peduncle. If we assume that reduced anisotropy
in the cerebral peduncle indicates fiber degeneration, it is
difficult to understand why in elderly subjects, pyramidal
tract fibers which are partially degenerated at the level of
the cerebral peduncle (decreased anisotropy), appear to
regenerate at the level of the medulla oblongata (un-
changed or increased anisotropy). One might even sug-
gests that since at the level of the cerebral peduncle the
pyramidal tract contains both corticopontine and cortico-
spinal fibers, while in the medulla it contains only cor-
ticospinal fibers, aging is associated with selectively
reduced corticopontine connectivity compensated by
preserved or even increased corticospinal connectivity!
Imaginative inferences like these can arise from an un-
critical interpretation of “statistically significant” inter-
group differences in anisotropy.

When interpreting the results in both the pons and
medulla, one must remember that in these two regions,
pyramidal tract fibers are interspersed with other fibers
which have different orientation. The presence of differ-
ent fibers with different orientation within a voxel com-
plicates data interpretation because both “microstructur-
al” and “architectural” changes may contribute to the
observed anisotropy change. For example, it was re-
cently reported that Wallerian degeneration of pyramidal
tract fibers in chronic stroke patients consistently results
in decreased anisotropy in the cerebral peduncle, while it
may result in slightly reduced, normal, or even increased
anisotropy in the pons.®

Moreover, there are several other factors that make
the anisotropy findings in the medulla less reliable than
those in the cerebral peduncle. First, in the medulla the
cross-sectional area of the pyramidal tract is very small,
and the level of partial volume contamination from the
surrounding CSF is high. Second, since in the medulla

anisotropy varied markedly between contiguous slices,
even a subtle anatomic mismatching of the selected ROI
in different patients might have critically affected the
analysis. Third, the medulla is situated close to structures
such as the cerebellar tonsils, which have a very high
degree of motion as result of cardiac pulsation,* which
in turn could induce motion artifacts in the measure-
ments performed in the medulla. Fourth, the apparently
higher anisotropy found in the male subjects as com-
pared to female subjects, could be related to the fact the
DWIs acquired in male subjects had a lower SNR and a
higher degree of motion artifacts than those acquired in
female subjects. Finally, the analysis of the eigenvalues
of D shows somewhat puzzling changes due to age and
gender in the medulla. The diffusivity was higher in one
of the two axes perpendicular to the pyramidal tract (A,)
in the young compared to the elderly and in the female
compared to the male, while the diffusivity parallel to the
pyramidal tract (A;) showed no intergroup difference.
These changes are difficult to explain biologically in
light of previous histopathological studies on aging white
matter.

CONCLUSIONS

Diffusion tensor MRI* allows the quantitative assess-
ment of the intrinsic diffusion properties of tissues, in-
dependent of the orientation of the subject in the magnet.
Theoretically, this should facilitate the clinical use of
diffusion imaging by enabling the creation of normative
databases and the comparison between results obtained
in different studies.

Our study, however, shows that methodological fac-
tors, which could be mistakenly regarded as experimen-
tal details, critically affect the results and therefore the
conclusions of a diffusion tensor study. Since noise in the
diffusion weighted images and subject’s motion intro-
duce bias in diffusion anisotropy measurements, the find-
ing of “statistically significant” differences in diffusion
anisotropy is per se meaningless if the effect of these
confounding factors cannot be ruled out. Moreover,
some aspects of the statistical analysis of diffusion an-
isotropy measures, such as the effects of the spatial
correlation between voxels, require further characteriza-
tion. We have also shown that the regional variability in
diffusion anisotropy, even for a relatively well-defined
pathway such as the pyramidal tract, is very large. There-
fore, possible anatomic mismatch should be considered
in intersubject or intergroup comparisons. Additionally,
results are profoundly affected by the criteria chosen to
define the ROI. Finally, our study underscores the diffi-
culty of interpreting diffusion anisotropy changes in re-
gions where the intravoxel orientation of anisotropic
fibers is not coherent. In addition to the possible influ-
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ence of experimental artifacts described above, one
should always consider the underlying “architecture” of
the tissue under investigation when interpreting diffusion
anisotropy results. In our study, only the cerebral pedun-
cle is an ideal region to investigate potential “structural”
changes of the pyramidal tract because the fibers are
coherently oriented. Since at the level of the cerebral
peduncle we have reasonably excluded an artifactual
origin of our findings, we believe that the differences in
anisotropy between young and elderly subjects truly re-
flect subtle microstructural changes of the aging white
matter.

Recent reports in the literature describe the clinical
application of diffusion tensor techniques to investigate
very challenging questions about brain connectivity.?
While it is likely that even subtle structural and archi-
tectural changes in the brain could be reflected by an
abnormal diffusion behavior of tissue water, we suggest
caution in assuming that small differences in diffusion
anisotropy have biologic significance if the above exper-
imental and methodological aspects have not received
adequate consideration in the study design and data anal-
ysis.
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