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A B S T R A C T

The human hippocampus is a key target of many imaging studies given its capacity for neurogenesis, role in long
term potentiation and memory, and nearly ubiquitous involvement in neurological and psychiatric conditions.
Diffusion tensor imaging (DTI) has detected microstructural abnormalities of the human hippocampus associated
with various disorders, but acquisitions have typically been limited to low spatial resolution protocols designed
for whole brain (e.g.> 2mm isotropic, >8mm3 voxels), limiting regional specificity and worsening partial vol-
ume effects. The purpose here was to develop a simple DTI protocol using readily available standard single-shot
EPI at 3T, capable of yielding much higher spatial resolution images (1 x 1 x 1 mm3) of the human hippocampus in
a ‘clinically feasible’ scan time of ~6min. A thin slab of twenty 1mm slices oriented along the long axis of the
hippocampus enabled efficient coverage and a shorter repetition time, allowing more diffusion weighted images
(DWIs) per slice per unit time. In combination with this strategy, a low b value of 500 s/mm2 was chosen to help
overcome the very low SNR of a 1 x 1 x 1 mm3 EPI acquisition. 1mm isotropic mean DWIs (averaged over
120–128 DWIs) showed excellent detail of the hippocampal architecture (e.g. morphology and digitations, sub-
regions, stratum lacunosum moleculare - SLM) that was not readily visible on 2mm isotropic diffusion images.
Diffusion parameters within the hippocampus were consistent across subjects and fairly homogenous across sub-
regions of the hippocampus (with the exception of the SLM and tail). However, it is expected that DTI parameters
will be sensitive to microstructural changes associated with a number of clinical disorders (e.g. epilepsy, de-
mentia) and that this practical, translatable approach for high resolution acquisition will facilitate localized
detection of hippocampal pathology.
Introduction

Ultra-high resolution ex-vivo diffusion tensor imaging (DTI) of the
‘healthy’ human hippocampus yields diffusion-weighted images and
colour anisotropy maps which enable visualization of internal architec-
ture variations of fractional anisotropy (FA) and mean diffusivity (MD)
reflecting known microstructural heterogeneity identified with histology
(Shepherd et al., 2007). Further, ex-vivo DTI of hippocampal sclerosis in
temporal lobe epilepsy patients (i.e. samples from hippocampal resection
aimed to control seizures) has demonstrated aberrant intra-hippocampal
connections (Modo et al., 2016), reduced layers (Coras et al., 2014), and
microstructural variation reflecting changes in neuronal cell bodies,
dendritic fields, and axonal projection systems (Colon-Perez et al., 2015)
confirmed with histology in these same samples. The ultra-high spatial
resolution (60–220 μm in-plane with 0.1–0.7mm thick slices;
0.001–0.011mm3 voxel volumes) of these ex-vivo datasets is made
possible by high field strengths (7–17.6 T), small RF coils with increased
lity, Department of Biomedical Engin
ulieu).
sensitivity, and very long scan times (5–15 h).
Given its demonstrated utility ex-vivo, there is significant interest in

in-vivo diffusion imaging of the hippocampus, which may provide unique
information about regional microstructural pathology that precedes or
coincides with macrostructural changes such as volume loss typically
quantified on conventional high-resolution relaxation-weighted scans in
a variety of disorders. A number of previous studies have demonstrated
DTI changes in the hippocampus associated with aging (e.g. Cherubini
et al., 2009; Yassa et al., 2011), mild cognitive impairment and dementia
(e.g. Li et al., 2013; Tang et al., 2016; van Uden et al., 2016), epilepsy
(Nazem-Zadeh et al., 2014), ALS (Barbagallo et al., 2014), multiple
sclerosis (Cappellani et al., 2014; Planche et al., 2017), stroke (Kliper
et al., 2016), schizophrenia (Chiapponi et al., 2014; Nazeri et al., 2017)
and others. Interestingly, diffusion parameters have also been shown to
be sensitive to transient, short-time scale changes in hippocampal
microstructure correlating with various processes in healthy adults,
including learning and memory (Sagi et al., 2012) and sex hormone
eering, University of Alberta, Edmonton T6G-2V2, AB, Canada.
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Fig. 1. (A) A slab of twenty 1mm axial oblique slices aligned along the long axis of the hippocampus was acquired to reduce scan time and limit coverage to just
the hippocampus, as prescribed on a sagittal slice of the 3D T1-weighted MPRAGE. (B) Examples of individual images, including 1 b¼ 0 s/mm2 and 10 unique
gradient directions at 500 s/mm2. It is visually evident that despite signal boosting strategies, acquisition of 1 x 1 x 1 mm3 resolution produces very low signal-to-
noise images (~3–5 in the hippocampus). Note that pre-scan normalize was used to minimize B1 sensitivity variations across the slice and improve visualization of
the hippocampus.
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fluctuations in the female menstrual cycle (Barth et al., 2016). This work
collectively suggests that diffusion tensor parameters are sensitive, albeit
not specific, to microstructural change in the hippocampus over a wide
range of conditions and disorders. However, these studies have almost
exclusively used whole-brain diffusion protocols with poor spatial reso-
lution (i.e.� 2mm isotropic) and have extracted diffusion values either
from a manually drawn single-slice region of interest, or averaged across
the whole hippocampus as delineated on co-registered anatomical im-
ages such as T1.

Down-sampling of ex-vivo DTI acquisitions demonstrates that despite
the obvious increase in partial volume effects relative to 0.1 or even
0.5 mm3, 1mm3 resolution provides marked improvement in delineation
of hippocampal structures relative to the 8mm3 typical of most currently
published in-vivo studies (see MD maps in Fig. 4 of Modo et al., 2016).
Although another ex-vivo study conversely concluded that
down-sampling of 220 μm ex-vivo images to 1mm3 was insufficient to
delineate internal structures (Colon-Perez et al., 2015), it should be noted
that this study examined tissue samples from hippocampal sclerosis,
which is itself characterized by a loss of internal architecture (Jackson
et al., 1993). The utility of 1mm isotropic resolution in the healthy
human hippocampus should therefore be evaluated in vivo in order to
determine any advantage over a standard DTI acquisition of ~2mm
isotropic (8mm3 voxel volume). Specifically, in addition to allowing for
visual discrimination of structure on diffusion images, this resolution
could potentially mitigate the need for co-registration to anatomical
images, thus greatly improving accuracy and reducing partial volume
effects on diffusion parameters.

Beyond whole hippocampus measurements, there is also significant
interest in imaging hippocampal sub-fields, which play unique roles in
human memory (Neunuebel and Knierim, 2014) and the pathophysi-
ology of several diseases (e.g. Epilepsy, Steve et al., 2014; and Alz-
heimer's Disease, West et al., 1994). A few papers have reported diffusion
parameters within hippocampal subfields by delineating on T1 or T2 and
then co-registering with DTI maps. While this work has suggested
sub-field specific associations between diffusion parameters and aging
(Pereira et al., 2014), epilepsy sub-types (Bernhardt et al., 2016), anxiety
and depression (Cha et al., 2016), and memory (Kobe et al., 2016), these
DTI acquisitions used low spatial resolutions of 2–2.5mm isotropic or
1.7� 1.7� 3 mm3 (8–15.6mm3 voxels), leading to concerns with accu-
racy and partial volume effects which may be mitigated at higher spatial
resolutions. Multi-shot EPI with a spatial resolution of 1.4mm isotropic
has demonstrated the potential for high resolution diffusion imaging of
the human hippocampus and its white matter circuitry in vivo, but the
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method required a clinically infeasible scan time of 60min (8.5min x 7
repetitions for 70 directions at 1500 s/mm2) even for limited coverage of
27 slices at 3T with an 8 channel RF coil (Zeineh et al., 2012).

The purpose of this study was to develop and test a practical acqui-
sition using single-shot 2D EPI that could yield high quality 1mm
isotropic resolution in-vivo diffusion tensor images of the human hippo-
campus within a ‘clinically feasible’ scan time of ~6min at 3T. The
protocol proposed here can be readily translated to other sites given its
use of standard methodology and efficient scan time allowing it to be
incorporated with other key scan acquisitions for application to a wide
range of disorders affecting the hippocampus.

Materials and methods

MRI acquisition

Several protocol manipulations were required to use a readily avail-
able standard single-shot 2D EPI sequence at 3T to produce high spatial
resolution images (1 x 1 x 1 mm3) of the human hippocampus in a short
scan time. Rather than whole-brain coverage, a thin slab of twenty 1mm
axial-oblique slices oriented along the long axis of the hippocampus
(Fig. 1A) was acquired to yield efficient coverage of bilateral hippo-
campus with far fewer slices (and thus a significant savings in scan time)
than would otherwise be required for whole brain coverage or coverage
of the hippocampus using coronal slices as is typical of T2-weighted
imaging. Twenty slices was estimated to provide adequate coverage of
the bilateral hippocampi in a range of subjects with varying hippocampal
volumes while allowing for some asymmetry of bilateral orientation. In
addition to providing efficient coverage of the anatomy of interest, fewer
total slices enabled a shorter repetition time (TR) that allows for acqui-
sition of more diffusion images per slice per unit time to help overcome
the very low signal-to-noise ratio (SNR) (Fig. 1B). A lower than typical b-
value of 500 s/mm2 (versus 1000–1500 s/mm2) was chosen to further
mitigate SNR loss from diffusion weighting (i.e. 67% of b0 signal with
b500 relative to 45% at b1000 or 30% at b1500 for a typical brain
diffusion coefficient of 0.8� 10�3 mm2/s), while still yielding sufficient
diffusion contrast (e.g. nulled CSF). The shorter gradient pulses needed
for b¼ 500 s/mm2 also yielded a shorter echo time (TE), limiting T2
signal loss.

Experiments were performed with a 64 channel RF coil on a 3T
Siemens Prisma with 80mT/m gradient strength per axis which further
enable a much shorter TE for a given b value. Diffusion scans were
aligned along the long-axis of the hippocampus on high resolution T1-
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Fig. 2. The axial mean diffusion weighted
image (average of 128 b¼ 500 s/mm2

DWIs) of a single slice for a healthy 30 year
old male is shown for (A) 2� 2� 2¼ 8mm3

resolution and (B) 1� 1� 1¼ 1mm3 reso-
lution. The 1 x 1 x 1 mm3 6min acquisition
provides an 8-fold increase in spatial reso-
lution, allowing visualization of hippocam-
pal substructure (e.g. SLM, indicated with
arrows) that is not appreciable in the 2mm
isotropic scan. (C) The same slice in a con-
ventional fast spin echo 1 x 1 x 1 mm3 T2-
weighted scan (20 slices; TR¼ 5440ms,
TE¼ 52ms) shows excellent grey-white
contrast but less delineation of structure
within the hippocampus relative to the DWI.
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weighted MPRAGE (0.85� 0.85� 0.85mm3; 3:37min). Diffusion im-
ages were acquired via single shot 2D EPI (GRAPPA R¼ 2; 6/8 PPF; A/P
phase encode), FOV¼ 220� 216mm2, matrix¼ 220� 216, BW¼1420
Hz/px, 20 1mm slices with no gap, 1 x 1 x 1 mm3 with no interpolation,
TE¼ 72ms, TR¼ 2800ms, diffusion time¼ 29ms, b¼ 500 s/mm2 with
variable monopolar gradient directions and averages as listed below, and
12 b¼ 0 s/mm2. Pre-scan normalize was used to correct for the marked
B1-inhomogeneity across the slice (given the 64 channel head coil) for
better visualization of the hippocampus; comparisons to non-normalized
data showed no difference in tensor parameter quantification but far
poorer visualization of the hippocampus (data not shown). Note that
simultaneous multi-slice (SMS, multi-band) would have provided further
time savings to permit more scans, but was not used here as it did not
yield adequate image quality even with an acceleration factor of 2, pre-
sumably due to the small slab of closely spaced slices.

In order to develop a hippocampus diffusion method that could be
readily incorporated into a brain MRI protocol involving other scans for
wide applicability to clinical studies, we aimed for a ~6min acquisition
time. On the Prisma, 6min enables the acquisition of about 128 diffusion
weighted images per slice at 1 x 1 x 1 mm3, with a 10:1 ratio of DWIs to
b0s. SNR of the single DWIs was measured as 3–5 in the hippocampus,
and 6–8 in the cortex closer to the 64 channel head coil elements. Given
the known improvement in SNR afforded by taking multiple signal av-
erages, a sub-study was carried out to test the effect of the number of
diffusion encoding directions versus averages (while maintaining a
roughly equal total number of DWIs and total scan time). The following
scans were acquired at 1 x 1 x 1mm3 resolution in a single session on four
30–34 year old healthy right handed adults (3 males; 1 female): 128
directions x 1 average, 64 directions x 2 averages, 30 directions x 4 av-
erages, 20 directions x 6 averages, 10 directions x 12 averages; each with
an acquisition time of 6:20–6:45min. In addition, a 2 x 2 x 2 mm3 128
direction single average diffusion protocol (with matched TE and TR as
the main acquisition described here) was acquired in each subject to
provide a high-SNR baseline ‘ground truth’ comparison for the diffusion
parameters. Total scan time was ~44min. All subjects gave written
informed consent andwere screened for contraindications toMRI prior to
participation. This study was approved by the Health Research Ethics
Board at the University of Alberta.

Image processing and region-of-interest analysis

ExploreDTI v4.8.6 (Leemans et al., 2009) was used to process the
diffusion data including Gibbs ringing/motion/distortion correction and
tensor calculation with ordinary linear least squares. Note that the
default parameter to “clean up physically implausible signal” (Perrone
et al., 2015) was turned off as it is optimized for data with SNR of 15–30
and has the potential for bias when applied to this data (SNR ~3–5). In
cases with more than 1 average, the individual magnitude images of
repeated directions were averaged (Matlab 2015b) prior to tensor
calculation. The effects of the number of gradient directions versus
481
averages on FA and MD was evaluated in four core tissue classes: white
matter (central portions of the splenium), cerebrospinal fluid (lateral
ventricles), temporal cortical grey matter and right hippocampus (body,
medial to stratum lacunosum-moleculare), with manually drawn 2D
regions-of-interest (ROIs). Repeated-measures ANOVA was used to
determine within-subject differences in FA or MD across acquisitions for
each ROI, with a p-value threshold of <0.05.

Hippocampal segmentation

As a proof of principle, hippocampal subfields were manually
segmented directly on the mean diffusion weighted images of the 10
direction, 12 average acquisition for each subject by a trained user
(author TS). The hippocampus was divided into the head, body and tail
according to body ranging rules (Wisse et al., 2017), and the body was
further subdivided into cornu ammonis (CA) 1–3, stratum lacunosum
moleculare (SLM) and CA4/dentate gyrus. Segmentations were per-
formed separately in each hemisphere. FA and MD were then extracted
from each 3D subfield ROI. Omnibus differences in FA and MD between
subfields were determined with one-way ANOVA and followed with
pairwise comparisons at a p-value threshold of 0.05. Paired t-tests were
used to test for hemispheric differences in FA or MD of each subfield.

Results

Visualization of hippocampal structure on high resolution DWI

For all acquisitions, there was marked improvement in the visuali-
zation and contrast within the hippocampus on the mean DWI images at
1 mm isotropic relative to both ‘standard resolution’ 2mm isotropic
diffusion scans and conventional T2-weighted scans at 1 mm isotropic
(Fig. 2). As seen in Fig. 3 over multiple slices, the 1mm DWI resolution
allows impressive visualization of hippocampal internal architecture in
the head, body and tail. The hippocampal head is well delimited from the
amygdala in the axial plane. The SLM is clearly visualized along the
longitudinal axis of the hippocampus in both the axial and coronal
planes. The hippocampal digitations are easily seen given the enhanced
contrast within the hippocampus and exterior border given the lack of
CSF signal from diffusion weighting. Remarkable variability in overall
shape and degree of digitations can be seen between individuals even
among four healthy adults of similar age in their early 30s (Fig. 4), while
all show similar image contrast and visualization of the SLM throughout
the entire structure for all subjects.

The primary diffusion tensor direction suggests variable microstruc-
tural organization across a single axial-oblique slice of the hippocampus
(Fig. 4). A higher proportion of anterior-posterior (green) orientations
can be seen in the tail, along with a cluster of left-right (red) orientations
in the medial portion of the body, and scattered regions with inferior-
superior (blue) orientations in the head that is present in 3 of 4 sub-
jects (albeit noting the limitations of comparing a single slice across
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Fig. 3. Mean diffusion weighted images (average of 120 b¼ 500 s/mm2 DWIs) with 1mm isotropic spatial resolution acquired in 6min for a healthy 30 year old
male showing (A) six sequential axial-oblique slices (inferior to superior) and (B) representative reconstructed coronal sections through the head, body and tail. All
views reveal detailed structure within the hippocampus, as well as delineation between the hippocampus and surrounding structures like the amygdala.

S. Treit et al. NeuroImage 182 (2018) 479–487
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Fig. 4. Mean 1 mm isotropic DWI images
and accompanying diffusion ellipsoids
(colour coded with primary eigenvector)
within the left hippocampus for each of 4
healthy participants: (A) 30 year old male,
(B) 34 year old male, (C) 34 year old male,
and (D) 33 year old female. Substantial
inter-subject variability can be seen for
overall hippocampal shape and degree of
digitations. The SLM is clearly visualized
throughout the entire head, body and tail,
and the hippocampus is well delineated
from surrounding structures in all partici-
pants. Primary diffusion direction (note this
is not weighted by FA as in standard col-
ourmap) varies across the hippocampus and
between subjects; however, some consistent
patterns appear to emerge including a
higher proportion of anterior-posterior
orientation (green) in the tail, a cluster of
left/right orientations (red) in the mid body,
and a scattering of inferior-posterior orien-
tations (blue) in the head.
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subjects with varying hippocampal shapes).

Directions versus averages

Mean DWI b500 images across the five combinations of diffusion
gradient directions and averages for the 1mm isotropic resolution are
visually identical, as expected (Fig. 5 A-E). In addition, colour FA maps
(Fig. 5 F-J), FA maps (Fig. 5 K-O) and MD maps (Fig. 5 P-T) are
remarkably similar, regardless of the combination of averages and di-
rections. FA and MD values measured from ROIs in the white matter
(splenium), cortical grey matter, CSF and hippocampus confirm similar
tensor parameter values across acquisitions (Fig. 6). Indeed, repeated
measures ANOVA revealed no difference in FA or MD across any of the
1mm3 acquisitions with the exception of white matter MD, which was
elevated in the 128 direction single average acquisition relative to the
other four acquisitions. Likewise, similar values are seen between 1mm3

acquisitions and the ‘standard’ 2mm isotropic acquisition, with the
exception of FA of the hippocampus and GMwhich are lower in the 2mm
acquisitions likely as a result of partial volume effects in these ROIs at
poorer spatial resolution.

Diffusion in hippocampal subfields

As outlined in the Methods, the hippocampus was manually
segmented into the head, 3 segments of the body (CA1-3, CA4/dentate
gyrus, and SLM), and tail on the mean DWI (Fig. 7A). Over the four
healthy young adults, MD values were similar in the head
(0.80� 0.02� 10�3 mm2/s), body CA1-3 (0.77� 0.03� 10�3 mm2/s),
body CA4/DG (0.80� 0.03� 10�3 mm2/s) and tail regions
(0.80� 0.03� 10�3 mm2/s), but ANOVA revealed that MD of the body
SLM was significantly higher (0.91� 0.03� 10�3 mm2/s) than other
sub-regions (p< .001) (Fig. 7B). FA was similar across the head
(0.32� 0.03), body CA1-3 (0.32� 0.02) and body CA4/DG
(0.30� 0.02) regions, but was lower in the body SLM (0.26� 0.01;
p< .001) and higher in the tail (0.34� 0.02; p< .001 to 0.015) (Fig. 7C).
There was no significant hemispheric asymmetry of FA or MD for any
subfield.

Discussion

This 3T study demonstrates the feasibility of acquiring high resolu-
tion (1mm isotropic) diffusion images of the hippocampus in a clinically
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applicable scan time of 6min, and may have major implications for the
study of a range of neurological and psychiatric disorders. These images
reveal impressive detail of hippocampal substructure, in particular
delineation of the SLM, digitations in the head, and differentiation of the
hippocampus from surrounding structures such as the amygdala that are
impossible to visualize with the typical resolution (>2mm isotropic)
diffusion protocols used almost exclusively in previous literature. Indeed,
the unique contrast offered by mean diffusion weighted images, which
include both diffusion weighting and T2 weighting, is less apparent at
lower spatial resolution given partial volume effects among hippocampal
subfields and between the hippocampus and surrounding tissues/CSF.
Here we demonstrate the potential to use high resolution diffusion im-
ages to segment hippocampal subfields directly on these native space
diffusion images without co-registration to another high resolution scan
(T1 or T2), allowing quantification of diffusion parameters which may
provide localization of tissue pathology in disease.

The protocol presented here can be readily applied without custom
pulse programs since it is based on widely available single-shot 2D EPI,
but it did require several specific modifications (relative to a typical low
resolution whole brain protocol) that together can offset some of the
marked SNR loss in going to 1mm isotropic resolution. Specifically, a
small slab of twenty 1mm axial-oblique slices aligned along the length of
the hippocampus was used to limit the number of slices needed to get full
coverage of the hippocampus; while the 1mm isotropic images are still
easily viewed in other planes as shown in Fig. 3B. The limited slices also
enables a reduction of TR (2.8 s here), thus enabling more scans per unit
time for each slice; in our case 120–128 DWIs were acquired per slice
over 6min in the 1mm isotropic protocols, whereas conventional whole
brain 2mm isotropic with many more slices might acquire 30–60 DWI
per slice in that same time. Image quality was further aided by the use of
a 64 channel head RF coil and the 80mT/m per axis gradient strength,
which enabled relatively short TE (72ms) to minimize T2 signal loss,
even with a long readout train. In addition, a lower than typical b value of
500 s/mm2 was chosen to mitigate signal loss (a low b value also limits
TE) while still yielding adequate diffusion weighted contrast within the
hippocampus.

The 1mm isotropic dataset produced high-quality mean DWIs with
excellent visualization of hippocampal structure (Fig. 3). A substantial
degree of inter-subject variability is seen in overall hippocampal shape,
internal architecture and degree of digitation among these 4 healthy
adults in their early 30s (Fig. 4). Although the relevance of this variability
is unknown, it points to the sensitivity of this approach for examining
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Fig. 5. (A–E) Mean 1mm isotropic diffusion weighted images (b¼ 500 s/mm2), (F–J) FA colour maps, (K–O) FA maps and (P–T) MD maps of a 30 year old male
for each of the five acquisitions (listed across the top). Nearly identical contrast is seen in the mean DWI for each acquisition, as expected as they are the average of
120–128 DWIs. Likewise, similar quality parameter maps are produced by all 5 acquisitions, suggesting minimal differences from acquiring a greater number of
diffusion encoding directions relative to fewer directions but greater averages.
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hippocampal morphology in addition to diffusion parameters suggestive
of its microstructure. Evaluation of primary diffusion vectors shows some
regional consistency between subjects (Fig. 4), e.g. a cluster of left-right
orientations (red) in the body that are fairly consistent across 3 of the 4
subjects whom have similarly shaped hippocampi. This may comprise
part of the perforant pathway connecting the entorhinal cortex to the
dentate gyrus, which has been previously delineated with DTI tractog-
raphy in ex-vivo human hippocampus samples (Augustinack et al., 2010).
Mixed fibre orientations seen within the SLM have also been noted pre-
viously in ex-vivo work (Coras et al., 2014), and a higher proportion of
anterior-posterior projections observed in the tail may reflect a conflu-
ence of axons leading into the fimbria fornix. Future work will examine
the degree to which structural variability (e.g. number of digitations)
relates to cognition and disorders involving alteration of the hippocam-
pus (Oppenheim et al., 1998).

The mean DWIs produced in this protocol provided sufficient contrast
for segmentation of gross hippocampal sub-regions directly, without co-
registration to other images such as T1 and T2 as required in previous
literature. Segmenting on native space images importantly mitigates the
potential for errors from mis-registration given the additional
484
susceptibility and eddy current distortions in EPI, while the higher spatial
resolution minimizes partial volume errors that are particularly impor-
tant to consider for such small structures. Diffusion parameters in hip-
pocampal segmentations were quite consistent across the 4 subjects, with
MD values of 0.77–0.80� 10�3 mm2/s in all structures except the SLM,
which had consistently higher MD of 0.91� 0.03� 10�3 mm2/s. Like-
wise, FA values were ~0.30–0.32 for the head, body CA1-3 and body
CA4/DG regions, but was lower in the SLM (0.26) and higher in the tail
(0.34). Although the SLM is partly composed of white matter, it is a
molecular layer with less consistent fibre orientation than typical cortical
white matter, likely leading to lower FA here. Interestingly, our finding of
increased MD and reduced FA in the SLM contradicts previous ex-vivo
work finding lower MD and higher FA in this structure than surrounding
hippocampal regions (Shepherd et al., 2007); however, this same study
demonstrated a reduction in the consistency of fibre orientation in the
SLM relative to surrounding tissues. Specifically, the authors note that
apical dendrites diverge orthogonally within the SLM, whichmay suggest
a complexity of fibre orientation within the SLM that cannot be appre-
ciated at a macroscopic scale (i.e. in going from 0.007mm3 voxels ex-vivo
to 1mm3 voxels in-vivo here). Conversely, large pyramidal neurons in



Fig. 6. Mean and standard deviation of (A) FA and (B) MD over the 4 participants in 4 ROIs across 6 acquisitions that vary gradient directions and averages (the
first five are 1mm isotropic resolution and the last one is 2mm isotropic). Repeated Measures ANOVA revealed no difference in FA and MD values across 1mm3

acquisitions, with the exception of white matter MD which was higher in the 128 direction x 1 average acquisition than all other combinations of directions and
averages. Lower FA in both CSF and hippocampus ROIs in the 2mm acquisition likely stems from partial volume effects at this lower resolution which are less
apparent in white matter or CSF in the ventricles.

Fig. 7. (A) Example of a 3D reconstruction of a hippocampal subfield segmentation for a single subject that was performed by an experienced user (author TS)
directly on mean 1mm isotropic DWI images (10 direction, 12 average). The hippocampus was divided into the head, body and tail, and the body was further
subdivided into CA1-3, CA4/DG, and SLM. (B) In the four healthy controls, similar MD values of ~0.80� 10�3 mm2/s are seen across all structures except the
body SLM, which has significantly higher MD at ~0.91� 10�3 mm2/s. (C) The head, body CA1-3 and body CA4/DG regions all have similar FA values around
~0.32 in all 4 participants, whereas the body SLM has significantly lower FA of ~0.26 and the tail has significantly higher FA at ~0.34. There were no significant
differences between left and right values for MD or FA in any region.
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CA1-3 exhibit radial fibre orientation that may be conserved even at a
coarser scale.

A consistent and homogenous pattern of FA and MD across the
remaining sub-regions among healthy subjects may prove advantageous
for identifying localized areas of pathology (as does homogenous MD
across the brain for acute stroke detection, for example). A large body of
previous work using low spatial resolution diffusion protocols has indi-
cated that FA and MD in the hippocampus are sensitive to pathological
change, demonstrating transient changes in these parameters associated
with a range of acute neurological conditions (Bartsch et al., 2015) as
well as long term changes associated with healthy aging (e.g. Carlesimo
et al., 2010) and a range of chronic neurological conditions such as ep-
ilepsy (e.g. Nazem-Zadeh et al., 2014) and Alzheimer's Disease (e.g. Hong
et al., 2013; Tang et al., 2016), among many others. Diffusion parameter
alterations may suggest changes in extracellular volume, membrane
permeability, myelin integrity and other microstructural components of
485
hippocampal degradation associated with these disorders, even if these
methods are unable to tease apart or specify the underlying cellular
mechanisms. Although informative, all of this previous work has been at
low spatial resolution, which limits accurate localization of diffusion
abnormalities, and is prone to partial volume effects that could be less-
ened with high resolution protocols such as the one proposed here.
Moreover, it is well established that specific hippocampal regions, in
particular CA1 subfields, appear to be selectively sensitive to cellular
damage from ischemia, hypoglycemia and other insults (Schmidtkastner
and Freund, 1991). Likewise, many disorders have been associated with
sub-field specific pathology, e.g. cellular loss in CA1 in epilepsy (Steve
et al., 2014), that suggests a need to better localize diffusion tensor
parameter changes with higher resolution protocols.

A critical challenge of high spatial resolution diffusionMRI is the very
low SNR of the individual raw diffusion images. Averaging was tested as
a means to increase SNR at this high resolution, given the low SNR of
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individual un-averaged images going into the tensor (Fig. 1B) despite the
signal boosting strategies used here (lower b-value, short TE, etc.);
however, averaging was not shown to be of benefit. Visual inspection of
the resulting parameter maps and FA/MD measurements from various
ROIs did not uncover any appreciable differences between these various
averages/gradient direction approaches. One potential problem with the
10 direction, 12 average method is the summation of magnitude images
which has the potential to create bias from Rician noise; however, this
does not appear to be a major issue given that the FA and MD values in
white matter produced by our 10 direction, 12 average 1mm isotropic
images were very similar to that of the 128 direction, single average
higher SNR 2mm isotropic images which were not averaged. Ideally the
complex images would be averaged to avoid enhancing the noise floor,
but correcting for shot-to-shot phase variations is problematic in diffu-
sion images. Extracting the ‘real’ images from the complex data appears
advantageous for low SNR diffusion data in human brain (Eichner et al.,
2015); however, these methods are not readily available. The relation-
ship between noise and diffusion tensor analysis is complex (Anderson,
2001; Andersson, 2008; Jones and Basser, 2004; Pierpaoli and Basser,
1996) and is beyond the scope of the current paper. Future work will look
at other tensor algorithms and de-noising strategies (St-Jean et al., 2016;
Veraart et al., 2016), to see if tensor quantification can be improved to
further shorten scan time or allow higher angular resolution within a
constrained scan time.

The use of single-shot EPI with parallel imaging has the advantage of
enabling straightforward implementation on a range of scanners without
the need for custom methods. Single-shot EPI is widely used for diffusion
acquisitions, including in advanced custom acquisitions such as the
Human Connectome Project with high resolution (1.25mm isotropic)
multi-shell high b-value whole brain diffusion data (Sotiropoulos et al.,
2013). Beyond single-shot EPI, several groups have aimed to push high
spatial resolution (1mm isotropic has been a target) with other diffusion
acquisition methods based on 3D multi-slabs, reduced field of view and
other acceleration factors (Bruce et al., 2017; Heidemann et al., 2012;Wu
et al., 2016). Although potentially advantageous, scan times are still
30–60min even at 7T, and these complex acquisitions may be more
difficult to implement widely on clinical systems. Another novel method
using simultaneous multi-slab acquisition with Connectome gradients
reported 0.66–0.76mm isotropic resolution over the whole brain in vivo
with either 64 directions, 4 averages at b ¼ 1500 s/mm2 in 100min, or
128 directions, 1 average at b¼ 1800 s/mm2 in 50min (Setsompop et al.,
2018). This example again requires longer scan time; however, more
focused application of these methods to single slabs may make them
feasible for very high resolution study of the hippocampus.

The low b-value of 500 s/mm2 prohibits the use of more complex
diffusion processing algorithms aimed at disentangling crossing fibre
microstructure in-vivo, which is observed in the hippocampus in ex-vivo
data (Colon-Perez et al., 2015; Coras et al., 2014; Modo et al., 2016;
Shepherd et al., 2007). One recent study has used high angular resolu-
tion, high b-value diffusion spectrum acquisition to visualize hippo-
campal white matter networks, though at both low spatial resolution
(2.2mm isotropic) and at the cost of a 43min diffusion sequence (Wei
et al., 2017) which is of limited clinical applicability for most patient
populations. High b-value, high angular resolution protocols will neces-
sarily require a compromise of resolution or scan time relative to the
protocol proposed here. As a post-hoc analysis, the effect of b-value was
evaluated on 1mm isotropic DTI in two subjects by acquiring 10 di-
rections and 10 averages at b¼ 500, 750 and 1000 s/mm2. The two
higher b value acquisitions yielded similar visualization of the hippo-
campus and similar contrast on FA and MD maps as b ¼ 500 s/mm2,
albeit with slightly lower FA and MD values (data not shown). Thus,
1 mm isotropic acquisitions with higher b-values are likely feasible but
presumably will require longer scan times to recover SNR. As always, the
effect of b value and other acquisition parameters on the absolute value
of diffusion parameters should be considered when comparing datasets.

This study presents a practical and readily available approach for the
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acquisition of high spatial resolution diffusion tensor images of the
human hippocampus in a clinically feasible scan time at 3T. The 1mm
isotropic mean DWIs reveal impressive contrast and detail of hippo-
campal substructure that differs between individuals and allows for
segmentation of subfields directly, without co-registration to other im-
aging modalities. Diffusion parameters within the hippocampus appear
to be fairly consistent across sub-regions (with the exception of the SLM
and tail) but are expected to differ in pathology as suggested by previous
literature identifying FA and MD abnormalities in the hippocampus with
lower resolution acquisitions. This method has the potential to impact
the study of healthy development, aging, and numerous disorders
affecting the hippocampus by providing the necessary spatial resolution
(1mm isotropic) to measure diffusion parameters in distinct hippocam-
pal sub-regions in 6min or less.
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