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Abstract: The human medial temporal lobe performs an essential role
in memory formation and retrieval. Diseases involving the hippocampus
such as Alzheimer disease present a unique opportunity for advanced
imaging techniques to detect abnormalities at an early stage. In partic-
ular, it is possible that diffusion imaging will measure abnormal micro-
architecture beyond the realm of macroscopic imaging. However, this
task is formidable because of the detailed anatomy of the medial tem-
poral lobe, the difficulties in obtaining high-quality diffusion images of
adequate resolution, and the challenges in diffusion data processing.
Moreover, it is unclear if any differences will be significant for an in-
dividual patient or simply groups of patients. Successful endeavors will
need to address each of these challenges in an integrated fashion. The
rewards of such analysis may be detection of microscopic disease in vivo,
which could represent a landmark accomplishment for the field of
neuroradiology.
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T he overall aim of this article was to discuss the application of
diffusion tensor imaging (DTI) to the medial temporal lobe

(MTL), with particular attention to interrogating abnormalities
in Alzheimer disease (AD). We provide in-depth description of
the underlying neuroanatomy and relevant neuropathology in
AD, and we review some of the impressive clinical DTI studies
done to date. After a detailed discussion on the limitations and
challenges of current implementations of DTI, we provide some
recommendations for improving the image quality and repro-
ducibility for future scientific studies as well as clinical appli-
cations. The same techniques and concepts described here also
apply to diseases such as mesial temporal sclerosis and other
degenerative disorders of the temporal lobe.

A BRIEF HISTORY OF STUDIES OF MEDIAL
TEMPORAL LOBE FUNCTION

An Italian anatomist named Julius Caesar Arantius was the
first to name and describe the hippocampus in 1587.1,2 The term
translates as ‘‘horse-caterpillar.’’ Although in Greek and Roman
mythology, hippocampus refers to a marine god sitting atop a
seahorse, it is believed Arantius meant the small sea creature.
He also applied the name bombycinus vermis, Latin for silk-
worm, although this was not his preferred name for the structure.

A complicated history of MTL terminology ensued. The term
hippocampus still stands, but several other terms have been
adopted such as pez hippocampi and Ammon’s horn, which now
have specific references to microanatomy although not neces-
sarily consistent with their historical derivation.

For some time, the hippocampus was thought to be pri-
marily important for olfactory processing. In a 1937 article,
Papez (pronounced p$pes) tabulated some of the known clin-
ical conditions affecting the hippocampus, cingulum, mammil-
lary bodies, and anterior thalamus. For example, he noted that
rabies was known to affect the hippocampus and result in
‘‘emotional perturbation.’’3 He theorized that these structures
were critical for emotional processing, and together, they have
become known as the circuit of Papez. It was not until the
1950s with studies of patient Henry Gustav Molaison, known
while he was alive as H.M., that the nature of hippocampal
function became known. H.M. underwent bilateral medial tem-
poral lobectomy for epilepsy and subsequently developed pro-
found and permanent anterograde amnesia.4,5 In the past 40 years,
extensive work has been conducted studying the neural substrate
of memory, focusing on the hippocampus and surrounding struc-
tures, collectively termed the medial temporal lobe. These in-
quiries have used a spectrum of investigative techniques including
electrophysiology, animal and human lesion studies, molecular
biology, neurochemistry, neural modeling, and various forms of
brain imaging in humans and animalsVall with the goal of elu-
cidating how the MTL functions intrinsically and interacts with
the rest of the brain to carry out mnemonic function. A central
theme uniting all of these studies is that memory formation
requires neuronal networks developing and strengthening their
interconnections to form associations.6 The hippocampus, the
centerpiece of the MTL, is the most important component of the
networks underlying learning and long-term consolidation of
information.

NEUROANATOMY: HIPPOCAMPAL SUBFIELDS
AND CONNECTIVITY

From an imaging perspective, the MTL is a unique part of
the brain for many reasons. First, the complexities of its anatomy
are readily apparent on modern MR structural imaging. Second,
these complexities are largely consistent across subjects, barring
differences in brain size and relatively minor differences in hip-
pocampal development. Finally, the hippocampus has the dis-
tinction that its only known role is memory formation, which is
crucial to normal cognitive function. This is in contradistinction
to structures such as 1) the cerebellar hemispheres, which have
intricate structure relatively consistent across subjects but are
not essential to cognition; 2) the thalamus, which is important
to cognition and the sensorium, in which intricate structure is
not apparent on conventional imaging, although its appearance
is consistent across subjects; and 3) the neocortex, which is
essential for language and memory among other eloquent func-
tions but has relatively homogeneous gross structure that varies
significantly across subjects. Hence, a detailed understanding
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of hippocampal gross and microanatomy is beneficial for a dis-
cussion of connectivity. In addition, alterations in anatomy and
connectivity may be easier to discern from intersubject variance
because of the relatively consistent anatomy.

The MTL is a compact structure with several components
(Fig. 1). It can be roughly divided into two parts: the hippocam-
pus proper and the adjacent neocortical areas. The nearby cortical
areas project to the hippocampus proper, and the hippocampus
proper has an internal system of projections that send output
back to the nearby cortical areas.8,9 The details of connectivity are
derived from tracer studies on the macaque monkey, whose brain
has a direct anatomical correspondence with the human brain.10

The entorhinal cortex (ERC), which lies in the anterior por-
tion of the parahippocampal gyrus and borders the anterior hip-
pocampus, is the main gateway of input to and output from the
hippocampus proper.11 It receives most of its projections from
two adjacent areas: the perirhinal cortex (PRC) and the parahip-
pocampal cortex (PHC). Besides the perirhinal and parahippo-
campal contributions, the ERC receives input from polymodal
cingulate/retrosplenial cortex, dorsal superior temporal sulcus,
orbitofrontal cortex, the olfactory bulb, and parainsular cortex.
Both the PRC and PHC receivewidespread projections frommany
cerebral areas.

The essential circuit diagram of the hippocampus proper
is a loop (Fig. 2). The main circuit starts with cells in layers II
and VI of the ERC projecting via a white matter tract called
the angular bundle to innervate primarily the dentate gyrus and
CA 3 (cornu ammonis 3).12 This comprises the perforant path,
labeled as such because fibers perforate the subiculum on the
way to the dentate gyrus. From the dentate gyrus, neurons syn-
apse successively to fields CA 3, CA 1, the subiculum, and back
to layer Vof the ERC, where output returns to the PHC and PRC.
A complementary projection from entorhinal layers III and V
targets primarily the distal half of this circuitry loop, namely
CA 1 and the subiculum.

Extensive interconnections are present within the dentate
and CA 3 fields. The hippocampus also interacts with subcor-
tical structures: an output detour is taken from CA 3, the sub-
iculum, and ERC, via the fornix, awhite matter tract that attaches
to the inferior border of the septum pellucidum and synapses
with the mammillary nuclei within the hypothalamus as well as
the septal nuclei.

These are the most basic of pathways, and there are numer-
ous other connections at each stage that are beyond the scope of

this article. A limitation in this model is that it is almost entirely
derived from animal work, with only minimal tracing studies done
on human specimens, which suggested the alvear pathway may be
more important in humans than in monkeys.13,14

It is particularly important to note the scale of the images
in Figure 1. The entirety of the hippocampus and adjacent
substructures lies within a span of approximately 2 to 2.5 cm
superoinferiorly, the height of the hippocampus proper includ-
ing the subiculum is only approximately 6 to 8 mm, and the
height of CA 1 is only approximately 1.5 mm.

AD AND THE MEDIAL TEMPORAL LOBE
Intensive investigations have sought to define the relation-

ship between hippocampal dysfunction and AD, in which im-
paired memory formation is a distinguishing feature. Beginning
in the MTL, a complex and incompletely understood interplay
of intracellular neurofibrillary tangles and extracellular amyloid
plaques likely contributes to synaptic and neural degeneration.15Y19

By the time a clinical diagnosis is possible, there has been ex-
tensive neuronal destruction,19 and not surprisingly, there is no
effective treatment for the disease. Because any effective pre-
vention or treatment will need to occur before this neuronal loss,
there is a great need for preclinical diagnosis of patients who
will develop AD. Some of the well-studied methods attempting
preclinical detection include structural magnetic resonance im-
aging (MRI),20,21 functional MRI,22,23 resting-state functional
MRI,24 diffusion tensor MRI (DTI),25 cerebral spinal fluid (CSF)

FIGURE 1. Anatomical diagram, with an inferior view of the temporal lobe at the left, and coronal sections from the 2 indicated
slices at the right. A, Anterior slice through ERC. B, Posterior slice through parahippocampal cortex. CA 1 indicates cornu ammonis 1;
CA 2, 3, CA fields 2 and 3; CoS, collateral sulcus; DG, dentate gyrus; FG, fusiform gyrus; Sub, subiculum. Reproduced from Zeineh et al,7

adding a scale bar. ERC indicates entorhinal cortex; PHC, parahippocampal cortex; PRC, Perirhinal Cortex. Figure 1 can be viewed
online in color at www.topicsinmri.com.

FIGURE 2. Pathways of the MTL. Solid lines indicate major
pathways, and dotted lines are minor pathways. CA 1 indicates
cornu ammonis 1; CA 2, 3, CA fields 2 and 3; CoS, collateral sulcus;
DG, dentate gyrus; FG, fusiform gyrus; Sub, subiculum. ERC
indicates entorhinal cortex; PHC, parahippocampal cortex; PRC,
Perirhinal Cortex.
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biomarkers,26 and fluoro-deoxy glucose-positron emission to-
mography.23 However, all of these are indirect measures of AD
pathology and are typically significant at the group level, often
with limited specificity and sensitivity. There remains a need for
more accurate noninvasive preclinical imaging. More recent
developments include the tracer Pittsburgh compound B (PIB), a
PET tracer that binds amyloid.27 Unfortunately, PIB is not specific
to the subtype of amyloid, and in addition to amyloid plaques
associated with AD, PIB is positive for amyloid angiopathy, which
is common in the elderly and not strongly associated with AD.28

Given the current theory that long-term memory requires
neural connectivity centered in the MTL, and given that memory
formation is impaired in AD, measurements of connectivity
may quantitatively ascertain mnemonic capability and the rele-
vant impairment in diseases of the MTL such as AD. Neuro-
pathological data suggest that cell loss in the ERC is marked in
AD, particularly at early stages, concordant with neurofibrillary
tangle pathology, which is known to start in the ERC.29Y31 Thus,
DTI is uniquely poised to measure the neuronal loss in the
MTL. Tractography is a form of diffusion tensor processing
that attempts to identify tracts corresponding to white matter
fascicles, and it may demonstrate some promise for AD.

This article will explore the challenges involved in using
DTI of the MTL, with suggestions for more consistent and
sensitive research and clinical studies. This is of interest in the
field of neuroradiology where there are no specific findings of
AD, especially at an early stage.

ROLE OF DTI IN AD
The axonal destruction associated with neurofibrillary

(ie, plaque and tangle) pathology may be measurable by DTI.
Diffusion-weighted imaging is sensitive to both the direction
and theh magnitude of proton diffusion. In white matter, diffu-
sion progresses primarily along the path of the axon, resulting
in anisotropy in the pattern of diffusion. This is typically quan-
tified as the fractional anisotropy (FA), a measure of how strong
the diffusion is along the leading diffusion direction. The main
contribution to this anisotropy is the orientation of the axons
within the volume of a pixel.32 Hence, axonal degeneration
secondary to neurofibrillary-driven neural degeneration should
be evident in quantitative diffusion-weighted imaging.

Many of the landmark diffusion studies in the literature
demonstrate that some portion of the MTL exhibits abnormal
diffusion characteristics in AD and/or MCI patients compared to
healthy controls.33Y43 Similar but more minor changes are noted
in mild cognitive impairment, a preclinical state that progresses
to AD at a rate of approximately 10% to 15% a year. Two lit-
erature reviews and one meta-analysis more exhaustively sum-
marize the results.34,44,45 However, these alterations are minor
among larger study groups and would not translate into useful
thresholds on the single-subject level.

A detailed examination of the applied method finds sig-
nificant variation in acquisition, processing, and in the exact
location and type of result, summarized in Table 1. Perhaps one
of the biggest contributors to the inconsistencies in these studies
is the technical hurdles associated with the diffusion image ac-
quisition and processing. Many of the challenges associated with
performing DTI and subsequent tractography is described in
detail below.

SUMMARY OF DTI STUDIES OF THE MTL IN AD

Acquisition Challenges
Teasing apart at least some of the microstructure of the

MTL, such as the perforant pathway, requires high-resolution

diffusion-tensor imaging. However, even typical DTI is fraught
with both acquisition and processing challenges under common
circumstances,51,52 and many of these problems are exacerbated
in the MTL.

A number of methods that can be used to acquire the DTI
data; echo-planar imaging (EPI) is typically used for its speed
and relative insensitivity to motion. However, EPI is subject
to numerous types of artifact including susceptibility distortions
and signal loss. These distortions typically occur where the
magnetic field is inhomogeneous, such as at air-tissue interfaces.
With regard to the MTL, the petrous apices, which are often
pneumatized, can be a markedly significant source of this arti-
fact. For EPI in any orientation, it is useful to perform parallel
imaging along the phase-encode direction because the slow
bandwidth along this direction causes severe image distortion.
Parallel imaging techniques, such as sensitivity encoding or gen-
eralized autocalibrating partial parallel acquisition (GRAPPA) is
known to significantly reduce distortions near the MTL. How-
ever, only 3 studies of the MTL in AD reviewed here have used
parallel imaging (Table 1).

Typical structural imaging of the MTL uses the coronal
plane or even oblique coronal plane perpendicular to the long
axis of the hippocampus; the slab is typically 2 to 3 mm thick to
improve the signal-to-noise ratio (SNR), but generally, a high in-
plane resolution is used to maximize differences in the micro-
anatomy. However, for diffusion EPI, the typical arrangement of
coils in a multichannel receive array does not facilitate parallel
acceleration in the coronal plane with the phase-encode direction
superoinferiorly and requires the phase-encode direction to be
along the left-right axis (acceleration factor 2; Fig. 3). Because
EPI artifacts are severe along the lower bandwidth phase-encode
axis, this results in asymmetric left-right distortion with a cor-
onal plane acquisition using parallel imaging. With EPI in any
orientation, the pattern of distortion will change depending on
how the phase encoding axis is traversed; this is particularly
difficult in the coronal plane (Figs. 4A, B).53 Such asymmetries
could surely confound quantitative analyses of connectivity. Dis-
tortion correction methods (Fig. 4C) can, to some extent, com-
pensate for this but are neither widely available nor tested and
may induce a degree of blurring. Finally, there is variable pneu-
matization of the adjacent petrous apices that causes a signifi-
cant and possibly asymmetric degree of susceptibility-based
distortion of the temporal lobes (Fig. 5B), which will be asym-
metric in any coronal plane acquisition regardless of the phase-
encode axis chosen.

The axial plane alleviates some of these asymmetries be-
cause, with typical coil arrangements, the phase-encode axis
can be anteroposterior, preserving left-right symmetry while still
allowing for parallel imaging (Fig. 6). The typical slice thick-
ness of 2 to 2.2 mm is adequate for discerning the hippocam-
pus from the adjacent substructures but is insufficient to
visualize the intrahippocampal microstructure. Making slices
thinner and voxels isotropic will quickly deplete the SNR to the
point that noise dominates the results. For these reasons, the
selection of slice thickness in the literature has varied from 2 to
5 mm (more often the latter), with the in-plane resolution varying
from 1.8 to 3 mm. Anisotropic voxels that are small along 2 but
not all 3 axes will preserve SNR, but this will result in bias in
tractography and is generally avoided.51

The coil arrangement poses a particular challenge. Newer
multichannel receiver arrays have the best SNR at the cortical
surface. Volume coils have their best SNR at the center of the
brain. The hippocampi are approximately halfway between the
cortex and center of the brain, making any particular coil ar-
rangement difficult to optimize.
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TABLE 1. Diffusion Methods and Results Across Studies

Study
Subjects:

AD/MCI/NC
Field

Strength Voxel Size B TE

Diffusion
DirectionsVNo.
B0 images, NEX

Parallel
Imaging

Eddy Current
Compensation
or Correction

Motion
Correction

B Matrix
Correction Other Analysis Significant Results

Fellgiebel et al40 19/14/10 1.5 1.8 ! 1.8 ! 5 900 100 6/1/1 N N N N ROI: FA/MD L HC MD: AD9MCI9NC
L HC FA: NC 9 MCI = AD

Müller et al39 0/18/18 1.5 1.8 ! 1.8 ! 5.0 900 100 6/1/1 N N N N ROI: FA/MD B HC MD: MCI 9 NC
B HC FA: NC 9 MCI

Rose et al38 0/17/17 1.5 1.8 ! 1.8 ! 2.8 1100 106 44/16/1 N N N N VBA: FA/MD B ERC MD: MCI 9 NC
B limbic FA: MCI G NC

Kalus et al46 10/10/10 1.5 3.3 ! 2.5 ! 2.5 1200 87 6/1/1 N Dual echo Y V* ROI: intervoxel
coherence

B HC, ERC, and PPZ intervoxel
coherence: NC 9 MCI 9 NC

Zhang et al37 17/17/18 1.5 2.3 ! 2.3 ! 5.0 1000 100 6/1/1 N Dual echo N N FLAIR ROI: FA/MD B HC MD: AD9NC (MCI NS)
B HC FA: NC 9 MCI = AD

Salat et al36 74/0/54 1.5 2.0 ! 2.0 ! 2.0 700 89 60/10/1 N Dual echo FLIRT V† TBSS FA/MD, FA
along PHG track

B MTL FA: NC 9 AD
B MTL MD: AD 9 NC
B PHG Tract Based FA: NC 9 AD

Mielke et al47 25/25/25 3.0 2.2 ! 2.2 ! 2.2 700 80 32/5/2 SENSE 2.5 AIR AIR N B33 instead
of B0

ROI:FA Fornix FA: NC = MCI 9 AD
NS MTL differences between AD,

MCI, and NC
Rogalski et al41 0/14/14 1.5 2.0 ! 2.0 ! 3.0 800 97 24/1/6 N Rohde Rohde Y ROI: FA/MD, FA/MD

along PHG track
B PHG FA: NS difference
B PHG MD: MCI 9 NC
B PHG tract-based FA: NS
B PHG tract-based MD:

MCI 9 NC
Choo et al42 19/19/18 3.0 1.8 ! 1.8 ! 3.5 1000 77 25/1/1 N Dual Echo N N ROI: FA/MD L PHG FA: NC 9 AD = MCI

R PHG FA: NC 9 AD (MCI NS)
B PHG MD: NS

Kantarci et al33 30/0/60 + 30 LBD 3T 3 ! 3 ! 3.3 1000 60 21/1/1 ASSET 2 AIR AIR N FLAIR VBA on MD (ROI
based FA did not
include the MTL)

B HC/PHG MD: AD 9 NC

Hong et al35 15/0/15 + 13 NPH 1.5 2.0 ! 2.0 ! 4.0 1000 83 25/1/1 N N N N ROI: FA/MD B HC MD: AD 9 NC
B HC FA: NC 9 AD

Yakushev et al43 20/0/0 1.5 1.8 ! 1.8 ! 3.0 1000 105 6/1/6 GRAPPA N Manual exclusion
of motion-laden
scans

N FDG-PET also
obtained

ROI: MD L HC MD correlates inversely
with FDG-PET and delayed
verbal recall

A dash (Y) indicates the information is not supplied in the article. NEX was assumed to be 1 if it was not listed. Similarly, the number of b = 0 images was also assumed to be 1 if not listed.

*A method of diffusion orientation compensation is cited in the eddy correction methods, but this method applies to rotating the tensor not rotating the raw diffusion images.48

†FSL can perform B matrix compensation after motion correction, but this article did not cite use of this compensation.

AIR indicates automated image registration49; HC, hippocampus; LBD, Lewy body dementia; NC, normal control; NPH, normal pressure hydrocephalus; NS, not significant; PPZ, perforant pathway zone; Rohde, Rohde et al50; SENSE, sensitivity encoding; TBSS, Tract-
Based Spatial Statistics; VBA, voxel-based analysis.

FDG indicates fluorodeoxyglucose.
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With regard to acquisition method, many reported studies
have been done at 1.5 T, which offers inferior SNR to 3.0 T,
although the newer studies are more often at 3.0 T. The SNR
available even at 3.0 T creates a limit on the resolution that can
be achieved in clinical scanning times. Going to 7.0 T has the-
oretical promise, but the tissue T2 and even more so the tissue
T2* shorten as field strength increases, reducing the gain in
SNR. In addition, B1 inhomogeneity often results in asymmetric
signal intensity within the temporal lobes. Methods are under-
way to improve visualization with 7 T.54

High-order shimming is known to improve B0 homogeneity
in the temporal lobes with echo-planar imaging and is available
on clinical scanners.55 The studies reported here did not describe
the use of this procedure.

Microstructural interrogation requires extremely high-
fidelity input imaging, and the typical diffusion-weighted im-

aging artifacts constitute a significant impediment. The addition
of diffusion gradients results in eddy current artifacts as well
as longer echo times with resulting low SNR. Compensating
for eddy currents with a twice-refocused diffusion preparation
scheme56 results in an increase in echo time that further lowers
the SNR; yet, adequate eddy current compensation is essential
(Fig. 7). An alternative to twice-refocusing is the postprocess-
ing technique.50,57,58 However, only half of the studies reviewed
here attempt to compensate for eddy currents using either of
these correction approaches.

Patient motion is an additional factor that reduces data
quality. Although approximately half of the studies reviewed
here address issues in motion, only one study corrects for mo-
tion while adjusting the b-matrix, something that is known to
improve accuracy and consistency.52 Despite these attempts at
motion correction, the registration of all diffusion time points

FIGURE 3. Coronal 3-mm-thick 1.2-mm in-plane diffusion-weighted EPI image at the anterior level of the anterior MTL. A circle surrounds
the left amygdala. Short arrows outline the approximate location of the right ERC. Long arrows define the corpus callosum, and a
box surrounds the anterior commissure. A, Phase-encode left to right with diffusion-weighted image at the top and FA at the bottom.
This demonstrates asymmetric distortion along the left-right axis. B, Phase-encode superoinferior demonstrates left-right symmetry,
but severe noise because of inadequate coil separation to support parallel imaging along this axis.

FIGURE 4. Coronal image of phase-encode traversal in one direction (A) and phase-encode traversal in the opposite direction (B).
After correction (C), distortion is significantly reduced at the cost of minor blurring.
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with the B = 0 images is difficult to obtain on the fine scale
required for the determination of microstructure.

Crossing fibers present an additional severe challenge for
two reasons. First, the perforant pathway neurons cross a major
white matter pathway, the cingulum bundle, which lies within
the parahippocampal gyrus. Second, the perforant path crosses
the subiculum to reach the dentate gyrus and remainder of the

hippocampus; the gray matter of the subiculum may restrict
diffusion because of its own internal structure, further con-
founding the analysis. Several methods exist to address crossing
fibers,59Y65 but these generally require high b values, which
starve the SNR (Fig. 8), and a large number of diffusion direc-
tions, which results in prohibitively long imaging times. To com-
bat this SNR loss, larger voxel sizes are typically used, which
again will be inadequate for microanatomy.

It is clear that the interplay of a wide variety of imaging
parameters can have a significant effect on the SNR, resolution,
distortion, and others. The need to trade off between these mea-
sures of image quality explains the great variance in the param-
eters selected in the literature. B values range from 700 to 1200.
The number of diffusion directions was most often 6, which is
suboptimal for the measurement of FA and mean diffusivity

FIGURE 5. Zoom-EPI direct coronal acquisition. A, Anterior
section. The right hippocampal head is circled. The left
parahippocampal gyrus is outlined by arrows. Note distortion
is present with inferior pointing of both parahippocampal gyri,
but it is left-right symmetric (note the dotted horizontal line).
B, Posterior section. The right hippocampal body is within the
square. Because of differential pneumatization of the petrous
apices, distortion is asymmetrically worse on the left
parahippocampal gyrus (arrowheads) compared with the right,
although the phase-encode axis is superoinferior.

FIGURE 6. Top row: axial isotropic diffusion weighted EPI image (A), T2-weighted EPI (B), and FA map (C) at 3T with the phase-encode
axis A-P and a 2mm isotropic acquisition. The left hippocampal head and amygdala are outlined by the circle, and an arrow points to the
left parahippocampal gyrus (anterior parahippocampal gyrus on the coronal images, mid parahippocampal gyrus in the axial plane).
These images demonstrate symmetric left-right distortion. Coronal reformats (bottom row) have inferior definition of medial temporal
microstructure compared with anisotropic coronal acquisitions (Figs. 3A, 5, and 8) but demonstrate relatively symmetric distortion.

FIGURE 7. A, Single-refocused spin echo has better SNR but
artificial FA at the cortices and edges of the image (arrows).
B, Twice-refocused spin echo (on a different subject) has less
SNR but less cortical FA artifact. Acquisitions are matched for
imaging time.
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(MD),66 but in one study, 60 directions were acquired. All
acquisitions were in the axial plane, but some were oblique to
the AC-PC line. Two studies use fluid attenuation inversion re-
covery (FLAIR) for CSF suppression, and one study replaces a b =
0-s/mm2 image for a b = 33-s/mm2 image without going into
further details. Unfortunately, no single study uses parallel im-
aging, eddy current compensation, motion correction, and b ma-
trix adjustment all togetherVall of which are validated to improve
image quality.

Processing Issues
Diffusion image processing is hampered by numerous

sources of rampant variability, including region of interest (ROI)
selection and methodological differences in generating and quan-
tifying tracts.

Region of interest selection dominates the methods of quan-
titative DTI processing, but the exact method of defining and even
naming the ROI varies from study to study, although the studies
generally use methods to ensure internal consistency. Region-of-
interest analyses are best when there is extensive detail with regard
to the segmentation criteria.41 Interrater reliability measurements
provide for internal consistency.40 Unfortunately, all of the listed
studies used very different segmentation procedures and criteria.
In addition, if the segmentation procedure is not done on the b = 0
image, which is often the case, then the registration between the
diffusion image and the structural image needs to be exact, and
this requires at least a 9-parameter affine model to coregister the
two. Ideally, segmentation should be performed or verified on the
b = 0 image for each subject. In addition, there are relatively
standardized references for determining the subregions of the
MTL,10 which can be the source of seed points for tractography.

Several studies go as far to distinguish hippocampal from
parahippocampal ROIs, but with a slice thickness of 5 mm, the
entire hippocampus fills a 5-mm voxel, and such distinction
should be taken with caution.37,39,40 A few studies use the term
entorhinal cortex,38,46 but a measurement of cortical FA unbi-
ased by adjacent white matter is well beyond the resolution of
any of the cited studies. Similarly, the fornix is 2 to 4 mm in
cross section and would likely be subject to significant partial

voluming effects.47 These effects could statistically interact with
patient category if there is generalized volume loss, which is
the case in AD, even with FLAIR technique, which does not
always result in complete CSF suppression. Two studies used
voxel-based analyses33,38; this should be more objective and
reproducible but would be more difficult to translate to clinical
utility and would assume accurate registration, which is often
difficult to quantify. Two studies performed tractography on the
cingulum bundle within the parahippocampal gyrus and then
measured FA and/or MD along the track.36,41 This is an inter-
esting form of analysis that isolates the track of interest, although
its utility is complicated by crossing fibers in the same voxel that
will contribute to the measured FA or MD.

Interpretation Challenges
When the bilateral hippocampi and parahippocampal struc-

tures are taken together as the MTL, most studies reported a sig-
nificant difference in the MTL between AD and normal controls.
This interpretation is complicated by the fact that some studies
interpreted the hemispheres separately and others combined. Two
studies reported significant results only for the left MTL. In most
studies, results were significant for both FA and MD. However,
in one study, results were significant for FA but not for MD,42

and in another study, vice versa.41 The reason for this is unknown.
One of the listed studies revealed no MTL difference except for
in the fornix.47 This is for unclear reasons, and perhaps the
somewhat low b value of 700 s/mm2 coupled with a b = 33-s/mm2

image rather than a b = 0-s/mm2 image may be a factor. Alter-
natively, this study only evaluated MD, and perhaps a measure-
ment of FAwould have proven significant.

NON-AD MTL DIFFUSION STUDIES

In Vivo
An alternative acquisition scheme called Zoom-EPI has

been applied in epilepsy to investigate the MTL.67 Tilting the
180-degree-refocusing pulse results in a reduced field of view
along 1 axis because it only partially intersects the 90-degree
excitation slice. By choosing this axis as the phase-encode axis,

FIGURE 8. Coronal diffusion-weighted images (top) and FA maps for b = 1000 (A), b = 2000 (B), and b = 3000 (C). The right
hippocampal body is encircled, and arrows outline the right parahippocampal gyrus. SNR progressively declines as the b value increases.
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the number of phase-encode lines can be reduced, shortening
the EPI readout, resulting in reduced distortions. The TE also
shortens, offering a SNR gain, but this is offset by a SNR penalty
from encoding fewer lines of k-space. In the coronal plane, this
can be used to achieve high in-plane resolution, and distortion
will be left-right symmetric with the phase-encode axis super-
oinferiorly. In this 1.5-T study, voxel size was 1.4! 1.4! 5 mm,
facilitating detailed visualization of MTL anatomy, although a
10-mm slice gap required an interleaved acquisition. A Zoom-
EPI image from our own implementation of the imaging se-
quence is demonstrated in Figure 5A. As is apparent, distortion
is symmetric but still significant. Parallel imaging within slice
cannot be added because typical head coil sensitivities will not
be orthogonal enough along the shortened superoinferior phase-
encode axis. Other inherent limitations to the Zoom technique
include slice thickness, such that it may be difficult to extend the
technique to isotropic voxels because the oblique pulse will in-
teract with adjacent slices, as well as SNR reduction at the edges
of the reduced field of view (because of the reduced effective
slice thickness in these regions).

Another example of coronal plane DTI is a recent novel
study examining the difference between younger and older
individuals.68 Here, the voxel size was 0.66! 0.66! 4mm, with
very high in-plane resolution. However, the voxels are aniso-
tropic by a factor of 6, which could result in significant bias
in tractography. The investigators thus chose an anatomy-driven
definition of the perforant pathway and took the dot product of
the expected pathway with the diffusion tensor, showing subtle
differences between younger and older individuals. The study
did use parallel imaging but did not specify the phase-encode
axis. Likely, the phase-encode axis was left-right given the
8-channel head coil, and asymmetric distortion was necessarily
present. This asymmetric distortion is an additional source of
variance that can reduce sensitivity to significant findings in
AD, especially because the diffusion literature suggests a slight
increased importance of the left MTL. In other disease entities
such as MTL sclerosis where left-right differences are key, this
asymmetric distortion could be catastrophic for lesion detect-
ability. The study used FMRIB software library/FLIRT for
motion correction and eddy current compensation without de-
scription of b-matrix correction. The number of diffusion
directions was 32 with a b value of 1200, and the NEX was very
high at 12. This study is the first of its kind to push resolution
with the aim of perforant pathway imaging, but SNR is admit-
tedly low given the resolution.

Finally, a recent investigation using diffusion spectrum
imaging is of interest, and the first of its kind with regard to the
MTL. Six volunteers were scanned with 2.2 ! 2.2 ! 3.0-mm
resolution, GRAPPA 2, b = 8000 (presumably with the use of
insert gradients, although this was not described), 258 direc-
tions, one b = 0 image. Diffusion spectrum processing was
performed, and their figures demonstrate reconstruction of the
hippocampal-fornix output path to the mammillary bodies, as well
as the parahippocampal cingulum bundle. Although interesting,
tractography of the fornix can be accomplished with conventional
tractography and quicker data acquisitions on conventional scan-
ners69 (Fig. 9). Crossing fiber resolved methods such as this will
surely be a subject of future studies.

Ex Vivo
A 7-T study on hippocampal diffusion demonstrated var-

iations in anisotropy and orientation throughout the hippocampal
subfields.72 Another study by the same author demonstrated
further details in the rat hippocampus including the rat per-
forant pathway.73

A very impressive detailed tractography analysis of the
MTL has recently been published.74 At 4.7 T, specimens were
imaged for 40 hours to achieve 200-Hm isotropic data at a b value
of 4000 with 20 directions at a TE of 28 using a 3D sequence.
Tractography was performed deterministically with DTI Studio
(https://www.mristudio.org) and probabilistically with eddy
current correction using FSL’s diffusion toolbox. Using either
method, tracts were observed extending from the ERC to the
subiculum and then from the subiculum to the CA fields and
dentate gyrus. The subiculum was effectively a waypoint: all
tractography stopped at this waypoint, and neither algorithm
would trace directly from the ERC to the CA fields/dentate
gyrus. This landmark study is the first of its kind to demonstrate
known pathways on a microscopic level.

FUTURE DIRECTIONS
Performing high-quality DTI in an elderly patient popula-

tion presents a technical challenge, and all of the articles cited
in this study are of merit. Several points are obvious from this
article to direct future endeavors. First, there is marked incon-
sistency in the literature with regard to MR methodology. None
of the in vivo study examined in this article described use of
parallel imaging, eddy current compensation, motion correction,
and b matrix correction simultaneously. These are all tools
available on all scanning platforms and with free software, so all
future studies should use these methods.

A second point is regarding resolution. The resolution of
a study needs to support the claims. Microstructure requires
small pixels, volumetrically. Furthermore, all of the tractography
programs have been developed with isotropic imaging to avoid
directional bias. To advance the field, future work needs to
pursue high-resolution isotropic imaging with low distortion.
None of the listed studies offered a measurement of the SNR
of their images. Although it is difficult to measure the SNR of
diffusion-weighted images, one can easily measure the SNR of
the b = 0 image with several repetitions; this only adds 1 minute
at most to a sequence. Reporting this number will enable the
scientific community to understand another source of variance.

FIGURE 9. Tractography of the fornix. A whole brain b2000 data
set at 3.0 T with 2-mm isotropic acquisition and 40 directions,
processed with conventional DTI analysis using Camino, displayed
with ParaView. Regions of interest were selected along the fornix
with a waypoint in the fimbria of the fornix along the superior
hippocampal body. An exclusion ROI was selected in the anterior
hippocampal head. The fimbria, cruz, and body of the right fornix
are labeled.70,71 Figure 9 can be viewed online in color at
www.topicsinmri.com.
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Some newer methods of diffusion-weighted acquisition
may provide a better balance of SNR and voxel size such as 3D
balanced steady-state free precession imaging.75 It is unclear if
methods relying on the orientation of white matter with respect
to the main magnetic field will prove to be applicable.76Y78

Diffusion tensor imaging on specimens will help validate
claims made by tractography, especially with the advance of
methods that resolve crossing fibers. However, one needs to
be cognizant of the limitations associated with fixed brains
(eg, biological decay, volume change, significantly higher
b value required, diffusion in blood vessels that contain flowing
blood in vivo but ex vivo may have measurable diffusion char-
acteristics, and larger susceptibility artifacts). Polarized light
microscopy may help verify the results of tractography.79

IMPACT FOR CLINICAL AND RESEARCH
DIFFUSION STUDIES OF THE MTL

This article suggests that future research studies and clinical
work of the MTL, including AD and epilepsy, should adhere to
the following guidelines.

Acquisition:
& 3 T imaging is preferable over 1.5 T
& Axial plane imaging with 2.0-mm isotropic voxels with the
phase-encode axis anterior-posterior
) To minimize partial voluming and keep distortions left-right

symmetric
) Coronal plane imaging can be pursued with anisotropic

voxels, but caution should be exercised regarding dis-
tortions and bias in tractography

& High-order shimming to include at least second-order terms
) To reduce B0 inhomogeneity and associated image distortion

& Eddy current compensation either with twice-refocused dif-
fusion preparation (dual spin echo) and/or correction using
postprocessing
) To reduce eddy current artifacts

& Motion correction and b matrix correction
) Reduce the effect of motion and secondary effects of ro-

tation on the direction of the encoding gradients. This
may not necessarily be readily available clinically, but
perhaps vendors will develop such tools

) Visually examine (or use software) to exclude slices with
severe signal dropouts because of patient motion or brain
pulsationVperipheral gating can mitigate image quality
but prolongs scan time, which is prohibitive in AD
patients

& At least 30 diffusion directions for DTI66,80

& SNR measurement
) Will facilitate standardization and the interpretation of

differences among research studies

Processing:
& Segmentation of MTL structures
) Either performed on or coregistered to the b = 0 images to

ensure no misalignment
& Subregion analysis
) Should refer to standard atlases10

& Measurement of both FA and MD
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