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While diffusion tensor imaging (DTI) has been extensively used to infer micro-structural characteristics of cerebral white matter in
human conditions, correlations between human in vivo DTI and histology have not been performed. Temporal lobe epilepsy (TLE)
patients with mesial temporal sclerosis (MTS) have abnormal DTI parameters of the fimbria-fornix (relative to TLE patients without
MTS) which are presumed to represent differences in axonal/myelin integrity. Medically intractable TLE patients who undergo temporal
lobe resection including the fimbria-fornix provide a unique opportunity to study the anatomical correlates of water diffusion abnor-
malities in freshly excised tissue. Eleven patients with medically intractable TLE were recruited (six with and five without MTS) for
presurgical DTI followed by surgical excision of a small specimen of the fimbria-fornix which was processed for electron microscopy.
Blinded quantitative analysis of the microphotographs included axonal diameter, density and area, cumulative axon membrane circum-
ference, and myelin thickness and area. As predicted by DTI the fimbria-fornix of TLE patients with MTS had increased extra-axonal
fraction, and reduced cumulative axonal membrane circumference and myelin area. Consistent with the animal literature, water diffu-
sion anisotropy over the crus of the fimbria-fornix was strongly correlated with axonal membranes (cumulative membrane circumfer-
ence) within the surgical specimen (�15% of what was analyzed with DTI). The demonstration of a correlation between histology and
human in vivo DTI, in combination with the observation that in vivo DTI accurately predicted white matter abnormalities in a human
disease condition, provides strong validation of the application of DTI as a noninvasive marker of white matter pathology.

Introduction
Diffusion tensor imaging (DTI) is a novel magnetic resonance
imaging (MRI) technique that provides a noninvasive window
into brain micro-structure via the analysis of the diffusion prop-
erties of water (Basser et al., 1994). Based on animal studies, it is
generally accepted that the degree of axon packing and myelin
sheaths are the main features that cause water diffusion to be
anisotropic (Beaulieu, 2002). As a noninvasive marker of white
matter pathology, DTI has tremendous potential and has been
extensively used to infer the micro-structural characteristics
of brain tissue in a myriad of human conditions, including
normal development and aging, and neurological and psychi-
atric disorders (Johansen-Berg and Behrens, 2006; Ciccarelli
et al., 2008).

Despite its wide spread application, there remains a tremendous
lack of correlative data between DTI and histology in humans. Cor-
relations between DTI and myelin content and to a lesser extent axon
count have been shown in humans, but were based on DTI acquired
on postmortem brains of patients with multiple sclerosis (Schmierer
et al., 2007). While brains are rapidly fixed in animal studies, this
process is typically delayed in human cadavers. Decomposition of
brain tissue is observed within hours after death, which can have
considerable effects on the diffusion properties of tissue (D’Arceuil
et al., 2007), thus limiting the conclusions that can be drawn from
postmortem studies. As it is not feasible to procure fresh tissue in the
vast majority of diseases that have been studied, performing correl-
ative studies between in vivo DTI and histology in humans has re-
mained elusive.

Temporal lobe epilepsy (TLE) is the most common localiza-
tion related epilepsy syndrome and is often unresponsive to med-
ical therapy. While mesial temporal sclerosis (MTS) is the most
commonly observed pathology in TLE, DTI studies have shown
white matter abnormalities in several bundles not necessarily
limited to the temporal lobe nor the hemisphere ipsilateral to
seizure focus (Arfanakis et al., 2002; Gross et al., 2006; Rodrigo et
al., 2007; Focke et al., 2008; McDonald et al., 2008; Nilsson et al.,
2008; Yogarajah et al., 2008; Schoene-Bake et al., 2009). We have
previously demonstrated that TLE patients with unilateral MTS
(TLE�uMTS) have DTI abnormalities of the fimbria-fornix
(Concha et al., 2005b) that are not observed in TLE patients who
do not have MTS (TLE�MTS) (Concha et al., 2009). As medi-
cally intractable TLE�uMTS and TLE�MTS patients routinely
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undergo surgical resection of the temporal lobe (including a por-
tion of the fimbria-fornix) in the management of their condi-
tion, this setting provides a unique opportunity to confirm the
disruption of myelin/membrane integrity of the fimbria-fornix in
patients with TLE�uMTS (as predicted by DTI) and to perform the
first correlative study of DTI acquired in vivo with subsequent histo-
pathology of a major white matter structure in humans.

The objectives of this study were: (1) to confirm the presence
of a unique pathology of the fimbria-fornix in TLE patients with
MTS by direct histopathological analysis and (2) to determine the

histological features most closely corre-
lated with quantitative water diffusion pa-
rameters acquired in vivo in humans.

Materials and Methods
Approval of the research protocol was obtained
from the University of Alberta Health Research
Ethics Board and informed consent was ob-
tained from all participants.

Subjects. Eleven medically intractable TLE
patients who were considered good candidates
for temporal lobe resection based on presurgi-
cal evaluation were recruited for this study
(33– 60 years old, 8 women). The presurgical
evaluation consisted of MRI, interictal and
ictal EEG-video telemetry recordings and neu-
ropsychology. Two of 11 subjects (both of
which were in the TLE�MTS group) also un-
derwent intracranial EEG-video telemetry
before surgery with the intracranial EEG re-
cordings demonstrating unilateral temporal
lobe ictal seizure onset. All patients underwent
the same imaging protocol preoperatively and
were assigned into one of two groups, namely
TLE with unilateral MTS (TLE�uMTS) and
TLE without MTS (TLE�MTS), based on the
histopathology report of the resected hip-
pocampus. All patients presented in this study
are a subset from our previous report (Concha
et al., 2009). Patient information is provided in
Table 1.

Magnetic resonance imaging. Images were ac-
quired on a 1.5T Siemens Sonata MRI scanner.
DTI was acquired using a twice-refocused
single-shot echoplanar sequence following an
inversion pulse (TI � 2200 ms) to suppress the
signal arising from cerebrospinal fluid which
can negatively impact the quantitative diffu-
sion parameters of the fimbria-fornix (Concha
et al., 2005a). Twenty-six contiguous 2 mm

thick axial slices were acquired in 9.5 min, providing coverage of the
fimbria-fornix, with an in-plane resolution of 2 � 2 mm 2 (data were then
interpolated to 1 � 1�2 mm 3). The DTI dataset consisted of eight aver-
ages of diffusion-sensitized volumes acquired using six different gradient
directions (b � 1000 s/mm 2) and one non-diffusion-weighted volume
(b � 0 s/mm 2). Postprocessing of the DTI data was performed with
DTIstudio (Johns Hopkins University, Baltimore, MD).

Tractography. The fimbria-fornix on the preoperative DTI was de-
picted with tractography via the fiber assignment by continuous tracking
algorithm (Mori et al., 1999) (Fig. 1). The algorithm initiated streamlines
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Figure 1. Presurgical tractography and surgical resection of the fimbria-fornix. A photograph of the fimbria-fornix, as seen
through the surgical microscope, is overlaid on the preoperative tractography of the same white matter structure (white) (A). The
fimbria-fornix lies directly above the surgical instrument and the hippocampus as it is being resected (B). The specimen has been
removed (C), leaving a hollow mark above the hippocampus (D). The resected specimen is immediately fixed and processed for
electron microscopy. Note that the length of the crus of the fimbria-fornix analyzed with DTI (�20 mm) is much larger than the
resected specimen used for the electron microscopic quantitative histological analysis (�3 mm, dashed lines).

Table 1. Temporal lobe epilepsy patient information

Subject MTS presenta Gender Age (years) Disease duration (years) Hippocampal T2 (ms)b Surgery side Surgical outcome (Engel class)c

TLE � uMTS 1 Yes F 41 27 129 Right Ia
2 Yes F 57 39 132 Left Ic
3 Yes F 34 12 147 Left Ia
4 Yes F 36 35 149 Left Ic
5 Yes F 36 16 133 Left Ia
6 Yes M 33 5 128 Left III

TLE�MTS 7 No M 36 25 109 Left III
8 No F 45 7 106 Left Ia
9 No M 60 12 106 Left Ia

10 No F 57 14 114 Right Ia
11 No F 40 5 113 Left Ia

aMTS based on the surgical histopathology of the hippocampus.
bPreoperative evaluation. Normal Hippocampal T2 � 114 � 3 ms .(Concha et al., 2009).
cOne year follow-up.
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in all voxels in the brain having a fractional
anisotropy (FA) threshold �0.3, and was ter-
minated if the propagating streamlines entered
voxels of low anisotropy (FA � 0.3) or deviated
by �70°. The fimbria-fornix was virtually dis-
sected by the extraction of those tracts that in-
tersected two manually placed regions of
interest (Concha et al., 2005b). Fractional an-
isotropy was averaged for the voxels lying be-
tween the level of the mammillary bodies and
the fusion of the crura of the fornices, exactly as
we have performed in our previous DTI studies
of TLE (Concha et al., 2005a,b, 2009). To fur-
ther interrogate the basis behind any anisot-
ropy changes, mean diffusivity (MD) and
parallel and perpendicular diffusivities of the
fimbria-fornix ipsilateral to the seizure focus
were also measured for each patient.

Electron microscopy. A segment of the
fimbria-fornix, of �2–5 mm in length, was ex-
cised by the neurosurgeon (B.M.W.) with the
aid of a surgical microscope (Fig. 1). In all sub-
jects the specimen was obtained from the por-
tion of the fimbria immediately posterior to the
head of the hippocampus where the fibers of
the alveus converge to form a uniform fiber
bundle. The region of the histological speci-
men was included in the DTI analysis of all
subjects making up �15% of the total region of
fimbria-fornix analyzed with DTI. Due to the
surgical approach, it was not possible to extract
a larger specimen, nor was it possible to acquire
a specimen at any other location along the
length of the fimbria-fornix. The specimen was
immediately prepared for electron microscopy
following an established methodology (Livy et
al., 1997). Thin tissue sections (90 nm) were
cut transverse to the long axis of the fimbria-
fornix segment, mounted on 400 mesh copper
grids, stained with uranyl acetate and lead ci-
trate, and then viewed and photographed at the approximate middle of
the grid pore using an FEI Morgagni transmission electron microscope at
a magnification of 3500�. Ten microscopy fields were selected at ran-
dom blind to subject identification or diagnosis. A random grid pore
from the area was selected and photographed, then subsequent fields
were photographed by a random movement (for example, 4 grids North,
2 grids East). Due to the nature of electron microscopy, some of the tissue
in the target grid pores was of unacceptable quality due to tissue instabil-
ity caused by the electron beam. These grid pores were skipped and
another was selected using the previously mentioned selection method.
All the microphotographs were blinded for quantitative evaluation using a
nondescriptive numerical code. A stereology counting frame was placed
within the microscopic field at 234 nm from its edges, resulting in a
counting frame of 364 �m 2. With the aid of an in-house program, the
number and inner and outer diameters of axons were manually estimated
using an unbiased counting approach and stereology rules (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental material),
yielding 85 � 25 axons per field. Inner diameter (din) was defined as the
distance between the axonal membranes, whereas outer diameter (dout)
was defined as the distance between the outer borders of the myelin
sheaths of each axon. Myelin thickness was estimated as (din � dout)/2. In
the case where noncircular axonal profiles were seen, the diameter was
measured based on the shorter axis of the axonal profile. Glial cells,
present in some microphotographs, were not counted and their presence
did not preclude a microscopy field to be analyzed. The contribution of
glial cells to water diffusion anisotropy was not assessed in this study.

Intra-axonal area was given by the sum of the axonal areas (calculated
with diameter din and assuming circular axonal profiles). Myelin area was
estimated by the difference in areas of the inner and outer circular pro-

files of the axons summed over all axons. Extra-axonal area was given as
the area not attributed to axons or myelin. All areas are expressed as their
ratio to the area of the stereology frame (i.e., intra-axonal fraction �
extra-axonal fraction � myelin fraction � 1). Finally, the cumulative
axonal membrane circumference was estimated by the sum of all the
axonal perimeters calculated with din. This quantification was performed
on each of the 10 microphotographs per patient.

The average histological parameters of all microphotographs of each
patient were used for statistical analyses. Differences between patients
with and without MTS were evaluated using Student’s t tests, while the
correlation between histological characteristics and DTI parameters were
evaluated with one-tailed Pearson’s correlation coefficient (r) including
all TLE patients, regardless of the presence of MTS. We performed cor-
rection for multiple comparisons for the correlations between histolog-
ical parameters and FA measurements (our main outcome measure)
using the Tukey–Ciminera–Heyse procedure (a variant of the Bonferroni
correction) (Tukey et al., 1985; Sankoh et al., 1997). Likewise, correction
for multiple comparisons was performed separately for correlations be-
tween quantitative histology and MD, parallel and perpendicular diffu-
sivities (i.e., 24 tests), and between-group differences (i.e., 8 tests). Thus,
we present both uncorrected and corrected ( pcorr) p-values.

Results
The qualitative blinded assessment of the microphotographs re-
vealed striking morphological differences of the fimbria-fornix of
patients with TLE�uMTS compared with TLE�MTS patients
(Figs. 2 and 3). It is particularly evident that TLE�uMTS patients
exhibit a larger extra-axonal space, with axons that are loosely
packed and with greater variability in the size of the axons. The

Figure 2. Electron microphotographs of the fimbria-fornix. For each of the six TLE�uMTS and five TLE�MTS patients, one of the 10
available electron microscopy fields is displayed at a magnification of 3500�. Patients with mesial temporal sclerosis show fewer axons
and increased extra-axonal space. Patients are identified by numbers (Table 1). Patients 5 and 8 are shown in Figure 3.
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myelin sheaths show irregularities in their profiles in TLE�uMTS
patients such as separation of myelin layers. Both groups showed
an almost complete absence of nonmyelinated axons.

Quantitative blinded analysis of the microphotographs (Table
2) revealed that the extra-axonal fraction best differentiated be-
tween the two TLE groups, with TLE�uMTS patients having
larger extra-axonal fraction ( p � 0.004 [pcorr � 0.01]). The my-
elin fraction, on the other hand, was significantly different be-
tween the two TLE groups, with TLE�uMTS patients showing
reduced myelin fraction ( p � 0.012 [pcorr � 0.03]), whereas
mean myelin thickness did not differ. The cumulative axonal mem-
brane circumference tended to be lower in the TLE�uMTS patients
( p � 0.035 [pcorr � 0.10]), as well as the number of axons per field,
and thus axonal density ( p � 0.054 [pcorr � 0.15]), but there was no
difference in axonal diameters.

Histological features derived from electron microscopy of a
small specimen of the fimbria-fornix showed significant correla-
tions with FA from the entire ipsilateral crus of the tractography-
derived virtual fimbria-fornix in the combined group of 11 TLE
patients (Table 3). Fractional anisotropy (Fig. 4) showed a strong
positive correlation with the cumulative axonal membrane cir-
cumference (r � 0.71, p � 0.007 [pcorr � 0.02]). Fractional an-
isotropy also demonstrated trends toward a positive correlation
with axonal density (r � 0.52, p � 0.0495 [pcorr � 0.13]), and a

negative correlation with myelin thick-
ness (r � �0.56, p � 0.04 [pcorr � 0.11]).
Mean, parallel and perpendicular diffu-
sivities did not show any significant corre-
lations when corrected for repeated
measures with any of the histological fea-
tures ( p � 0.1) (Table 3), although a
trend was observed for a negative correla-
tion between perpendicular diffusivity
and cumulative axonal membrane cir-
cumference (r � �0.61, p � 0.02 [pcorr �
0.11]) (Fig. 5).

Discussion
As predicted by in vivo DTI (Concha et al.,
2009), the present study shows direct evi-
dence that TLE�uMTS and TLE�MTS
patients have distinctly different histolog-
ical characteristics of the fimbria-fornix.
The most intuitive explanation for histo-
logical findings seen in the fimbria-fornix
of TLE�uMTS patients is that they reflect
downstream degeneration of the output
fibers from the mesial temporal region. It
must be noted, however, that the fimbria-
fornix is a bidirectional pathway, includ-

ing afferents to the mesial temporal region from a variety of
structures including the septum and that other sources of axonal
degeneration are also possible. Our previous DTI tractography
studies showed bilateral water diffusion abnormalities of the
fimbria-fornix in TLE�uMTS patients (Concha et al., 2005b,
2009), in excellent agreement with a recent postmortem study
confirming decreased axonal density of the fimbria-fornix bi-
laterally in four TLE�uMTS patients (Ozdogmus et al., 2009) As
ipsilateral but not contralateral fimbria-fornix abnormalities
would be expected if the reduced fimbria-fornix integrity was
solely secondary to degeneration of mesial temporal efferent fi-
bers, the bilateral findings suggest that degeneration of efferent
fibers may not be the only mechanism responsible for the ob-
served changes. Ozdogmus et al. reported that myelinated axons
greatly outnumbered unmyelinated axons in the fimbria-
fornix of both TLE patients and normal controls (Ozdogmus
et al., 2009), while we found a near complete absence of unmy-
elinated axons in TLE�uMTS and TLE�MTS patients. Given
the obvious challenges in acquiring fresh specimens of the
fimbria-fornix of control subjects for analysis it is not possible to
compare our results to normal controls; however, these results
suggest the intriguing possibility that a specific subset of pro-
jection fibers may be lost in TLE.

Diffusion tensor imaging has been used to study a large variety
of neurological and psychiatric conditions based on the assump-
tion that in vivo DTI abnormalities reflect underlying changes in
white matter micro-structure. Animal studies have demonstrated
that the axonal membranes are primarily responsible for the
anisotropic water diffusion observed in peripheral nerves and
CNS white matter (for review, see (Beaulieu, 2002). Diffusion
MRI studies of giant axons have shown the need of intact mem-
branes for the generation of diffusion anisotropy (Beaulieu and
Allen, 1994b; Takahashi et al., 2002). Myelin is not a prerequisite
for the presence of diffusion anisotropy (Beaulieu and Allen,
1994a), although myelin sheaths can modulate anisotropy
(Gulani et al., 2001; Song et al., 2002, 2003; Harsan et al., 2006;
Tyszka et al., 2006; Mac Donald et al., 2007). We demonstrated a

A B C

FED

Figure 3. Electron microscopy and tractography of the fimbria-fornix. Histological fields of the fimbria-fornix resected during
epilepsy surgery from two representative patients with TLE are shown with their corresponding axial FA maps (A, D, with the left
fimbria-fornix marked as green) and tractography of the fimbria-fornix (B, E). The patient with mesial temporal sclerosis (Patient
5) shows lower diffusion anisotropy of the fimbria-fornix (B) than the TLE�MTS (Patient 8) (E). This corresponds to lower axonal
density and higher extra-axonal fraction (C) than in the subject with TLE�MTS (F ).

Table 2. Group differences in quantitative histology

TLE�uMTS TLE�MTS p pcorr

Axonal density (axons/�m 2) 0.38 (0.04) 0.44 (0.13) 0.054 0.15
Inner axonal diameter (din , �m) 0.67 (0.07) 0.72 (0.13) 0.4 0.76
Outer axonal diameter (dout , �m) 1.04 (0.05) 1.11 (0.14) 0.27 0.59
Myelin thickness (nm) 186 (13) 194 (25) 0.53 0.88
Cumulative axon membrane

circumference (�m)
164 (13) 205 (39) 0.035 0.1

Myelin fraction 0.12 (0.01) 0.15 (0.02) 0.012 0.03
Extra-axonal fraction 0.79 (0.02) 0.72 (0.03) 0.004 0.01
Intra-axonal fraction 0.09 (0.02) 0.13 (0.03) 0.07 0.19

Mean electron microscopy blinded measurements per group are taken from the average features over 10 stereology
frames per subject. Numbers in parentheses represent SEM.
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robust positive correlation between FA
and cumulative axon membrane circum-
ference, in good agreement with the no-
tion that increased surface area to volume
ratio can hinder water diffusion (Latour et
al., 1994). Various DTI-histology correla-
tions in animal models have demonstrated
relationships of diffusion anisotropy with
axonal density and extra-axonal fraction
(Takahashi et al., 2002; Schwartz et al.,
2005; Wu et al., 2007), although we only
found trends with these parameters in
our small sample of in vivo results in the
fimbria-fornix of humans with TLE
(Table 3, Fig. 4).

The correlations between the diffusion
tensor and histological parameters of hu-
man white matter had hitherto only been
addressed in the postmortem state. In
multiple sclerosis, DTI was demonstrated
to correlate with axon counts and myelin
(Schmierer et al., 2007, 2008). Recently, it
has been shown that postmortem diffu-
sion anisotropy correlates with myelin
basic protein in the developing human
cerebellum of freshly aborted human fe-
tuses (Saksena et al., 2008). In spasmodic
dysphonia, low diffusion anisotropy was
found in the internal capsule with post-
mortem histopathology in a single patient
demonstrating axonal loss and decreased
myelin content in this region (Simonyan
et al., 2008). Although data from animal models and postmortem
human brains has provided insight into the histological correlates
of DTI parameters, considerable limitations exist in drawing con-
clusions from these studies regarding the underlying microstruc-
tural features associated with human in vivo DTI findings. In
particular, tissue in postmortem human studies can be assumed
to be affected by decomposition before fixation which has been
demonstrated to alter both tissue structure as well as DTI param-
eters (D’Arceuil et al., 2007).

It is important to recognize that the region of the fimbria-
fornix studied with DTI for each subject, �20 mm in length, was
larger than the specimen obtained for histology, �3 mm resected
(illustrated in Fig. 1). Our previous DTI tractography studies of
temporal lobe epilepsy used the same methodology presented
here for extracting the entire crus of the fimbria-fornix has dem-
onstrated robust differences of TLE�uMTS patients with both
controls (Concha et al., 2005b) and TLE�MTS patients (Concha
et al., 2009). Averaging over the voxels of the entire crus has two

Figure 4. Histological correlates of fractional anisotropy in the fimbria-fornix versus axon density (A), myelin thickness (B),
cumulative axonal membrane circumference (C), myelin fraction (D), and extra-axonal fraction (E). The average fractional anisot-
ropy from the entire ipsilateral crus of the fimbria-fornix and histological parameters from electron microscopy of the smaller
specimen of the fimbria-fornix adjacent to the hippocampus are plotted for each subject. FA shows the strongest correlation with
cumulative axonal membrane circumference (C), namely a positive correlation indicating that anisotropy increases with greater
surface area of the axonal membranes. Numbers identify each patient (Table 1).

Table 3. Correlations between DTI and quantitative histology

Axonal
density

Inner axonal
diameter

Outer axonal
diameter

Myelin
thickness

Cumulative axon
membrane
circumference

Myelin
fraction

Extra-axonal
fraction

Intra-axonal
fraction

Fractional anisotropy
r 0.52 0.15 �0.06 �0.56 0.71 0.27 �0.48 0.48
p 0.0495 0.3 0.4 0.04 0.007 0.2 0.066 0.066
pcorr 0.13 0.64 0.76 0.11 0.02 0.47 0.18 0.18

Mean diffusivity
r �0.15 �0.27 �0.16 0.29 �0.36 �0.18 0.35 �0.37
p 0.3 0.21 0.3 0.19 0.14 0.3 0.14 0.13
pcorr 0.83 0.68 0.83 0.64 0.52 0.83 0.52 0.49

Parallel diffusivity
r 0.26 �0.2 �0.24 �0.1 0.15 0.03 0.02 �0.04
p 0.2 0.2 0.24 0.4 0.3 0.47 0.48 0.45
pcorr 0.66 0.66 0.74 0.92 0.83 0.96 0.96 0.95

Perpendicular diffusivity
r �0.39 �0.24 �0.05 0.48 �0.61 �0.27 0.48 �0.48
p 0.12 0.24 0.44 0.067 0.023 0.21 0.065 0.067
pcorr 0.47 0.74 0.94 0.29 0.11 0.68 0.28 0.29

Note: Significance after multiple comparisons ( pcorr ) was calculated separately for correlations between quantitative histology and FA (our main outcome measure, 8 correlations), and mean, parallel, and perpendicular diffusivities
(24 correlations).
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inherent benefits: (1) to help overcome parameter variability as
DTI is a low signal-to-noise method, made worse by the use of
inversion recovery to suppress signal from CSF and the fact that
the fimbria-fornix is a very thin tract, and (2) to provide a sum-
mary parameter over the entire presumably contiguous structure
as the FA values are not identical along the tract (Fig. 3B,E),
either due to actual biological variability, partial volume averag-
ing given the low resolution of DTI, or noise, as mentioned above.
In addition, often areas of very low anisotropy are not measured
due to the thresholds used for deterministic streamline tractog-
raphy. Although DTI analysis of the virtual tract more precisely
matched to the histological specimen would have been optimal,
several technical issues come into play. First, as mentioned above,
the limited number of voxels would have led to more variable
DTI parameters per individual. Second, DTI measurements of
the fimbria-fornix immediately adjacent to the hippocampus
(i.e., the anterior region where the fimbria-fornix was resected)
may be variable, as this is where the fibers are coming together (as
seen in an electron microphotographs in supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). The
diffusion tensor model can only be assumed to be an accurate
representation of water diffusion if the fibers within a voxel have
uniform directionality, but this may not be the case in the re-
sected region where bending fibers could have a major impact on
the measurement of diffusion anisotropy. The crus of the
fimbria-fornix is more coherent further along the tract, how-
ever, this region is not available for histological analysis. For the
electron microscopy analysis, we assume that variable fiber ori-
entation would have less of an impact as circular morphology was
assumed and axon diameter was measured based on the shortest
diameter. As well, only subfields in the electron microscopy mi-
crophotographs that were deemed to be perpendicular to the

fibers were measured for the histological
analysis. We therefore chose to focus on
the correlations between the broader DTI
analysis and the restricted histological
analysis with our assumption being that,
since the fibers of the fimbria-fornix are
continuous, the pathological processes
would likely extend throughout the entire
structure and that the broader DTI analy-
sis would provide a more accurate repre-
sentation of the structural state of the
fimbria-fornix as a whole. Further studies
with larger sample sizes, albeit not an easy
task given the need to acquire presurgical
DTI and then obtain an intact white mat-
ter tract specimen during neurosurgery,
as well as the acquisition of DTI with bet-
ter resolution and greater signal-to-noise
at higher fields are required for confirma-
tion of our results.

This study shows, for the first time in
live humans, the relation between tissue
morphology and the diffusion parameters
obtained noninvasively with DTI in a ma-
jor white matter tract of human brain. The
demonstration of histological differences
of the fimbria-fornix between TLE pa-
tients with and without MTS, which were
predicted based on in vivo DTI (Concha et
al., 2009), further validates the idea that
DTI can be used to investigate white mat-

ter tissue characteristics at the microscopic level.
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