Clinical Study

Stereotactic
ad Fynctional
Neurosurgery DOI: 10.1159/000368442

Stereotact Funct Neurosurg 2015;93:151-159

Received: June 25, 2014
Accepted after revision: September 18,2014
Published online: March 18, 2015

Age-Related Changes in Diffusion Tensor
Imaging Metrics of Fornix Subregions in

Healthy Humans

David Qixiang Chen? Ido Strauss®

Mojgan Hodaie?™

Dave J. Hayes®

Karen D. Davis® ¢

2|nstitute of Medical Science, Faculty of Medicine, and ®PDepartment of Surgery, University of Toronto, <Division of
Brain, Imaging and Behaviour — Systems Neuroscience, Toronto Western Research Institute, University Health Network,
and 9Division of Neurosurgery, Toronto Western Hospital, University Health Network, Toronto, Ont., Canada

Key Words
Forniceal diffusivity - Diffusion tensor imaging - Magnetic
resonance imaging - Brain - Microstructure - Aging

Abstract

Objective: White matter diffusivity measures of the fornix
change with aging, which likely relates to changes in mem-
ory and cognition in older adults. Subregional variations in
forniceal diffusivity may exist, given its heterogeneous anat-
omy and connectivity; however, these have not been closely
examined in vivo. We examined diffusivity parameters (frac-
tional anisotropy, FA; radial diffusivity, RD; axial diffusivity,
AD) in forniceal subregions of healthy subjects and corre-
lated them with age and hippocampal volume. Methods:
Diffusion-weighted imaging and streamline tractography of
the fornix were performed on 20 healthy, right-handed fe-
males (23-66 years). Six anatomical subregions were de-
fined: midline (body, column, precommissural fornix) or lat-
eral (fimbria, crura, postcommissural fornix). Regression
analysis was performed comparing diffusivities against age.
Hippocampal and ventricular volumes were also compared.
Results: Diffusivity values revealed statistical changes with
age in both midline and lateralized subregions. The fornix
body and left crus showed age-related alterations in all met-

rics (FA, RD, AD), whereas only right crus FA was altered.
There was no significant change in hippocampal volumes,
suggesting that forniceal changes may precede hippocam-
pal age-related changes. Conclusions: Age-related changes
in fornix diffusivity measures appear subregion dependent
and asymmetrical. Specific subregion diffusivity measures
may be a more sensitive aging marker than hippocampal
volume change. ©2015 S. Karger AG, Basel

Introduction

In humans, relatively little is known about how the for-
nix, which is estimated to have 5.8-7.2 million axons
arranged in uniform bundles [1], changes over time.
Anatomically, the fornix can be described in terms of sub-
regions which extend from the hippocampal region (fim-
bria), curve around the thalami (crura) and join together
at the midline (body), from which they project anteriorly
until dividing laterally again near the anterior commis-
sure (columns) and anteriorly/posteriorly (pre-/post-
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commissural fibers) to terminate in the septal nuclei and
nucleus accumbens and the mammillary bodies, respec-
tively [2]. Thus, the subregions are either located along
the midline (body, columns) or more laterally (fimbria,
crura, postcommissural fibers) [3].

The role of medial temporal structures has been the
subject of intense study, particularly related to memory
impairment in both normal aging and neurodegenerative
disorders. There is ample evidence that reduced memory
performance is related to hippocampal dysfunction and
atrophy [4-6] and also appears a consequence of forniceal
injury. The importance of the role of the fornix in mem-
ory function is well known, with lesions in both animals
[7-9] and humans [10-14] producing many memory def-
icits, with particular impairments in memory formation
[for reviews, see 15, 16]. Moreover, neuroimaging re-
search suggests that loss of fornix integrity is an early
event in Alzheimer’s disease and precedes hippocampal
volume loss [17]. Deep brain stimulation of the fornix can
elicit memory recollection [18], and these findings have
driven promising studies aimed at improving memory
function in those with early stage Alzheimer’s disease
[19]. Nonetheless, as most studies in humans have im-
aged or stimulated large areas of the fornix, it is currently
unclear which subregions of the fornix might be involved
in these effects.

For instance, a study by Tsivilis et al. [14] in patients
with surgically treated colloid cysts found that mammil-
lary body volume (an indirect measure of fornix fiber in-
tegrity), but not whole forniceal volume, was correlated
with changes in memory formation. The authors suggest-
ed that given the frequent distortion of forniceal tracts,
whole volume measures themselves were unlikely to be
consistent and comparable. Moreover, as the impact on
memory performance seen in their study was due to for-
niceal damage, which likely resulted in localized network
disconnections, they suggested that local measures which
better quantify the damage subregionally are more likely
to be reliable and interpretable compared to measures of
overall volume. Additionally, while no human studies
have looked at differential subregional connectivity of the
fornix using diffusion tensor imaging (DTI), a recent
study by Jang and Kwon [20] showed that the posterior
body of the fornix has widespread connectivity to cortical
and subcortical regions, such as the pre- and postcentral
gyri and posterior parietal cortex, via the splenium of the
corpus callosum, posterior limb of the internal capsule,
forniceal crura and thalamus. Together, these results fur-
ther support a subregional approach when investigating
the structure and function of the fornix.
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Beyond connectivity, DTT also permits in vivo assess-
ment of neural microstructure by utilizing the diffusion
properties of water in constrained compartments [21,
22]. Therefore, DTI diffusivities can potentially provide
information about the human fornix in health and dis-
ease. The kind of diffusivity metrics which are typically
drawn from DTI are described based on the primary ei-
genvector involved, with each kind believed to preferen-
tially provide information on different processes. The
commonly studied diffusivities include fractional anisot-
ropy (FA) — which describes the directional diffusivity of
water along tracts, reflects a broad measure of fiber integ-
rity, and is sensitive to various parameters such as region-
al myelination, fiber crossing, axonal density and diam-
eter [23] - and radial diffusivity (RD) and axial diffusiv-
ity (AD) which have been correlated with myelin and
axonal integrity, respectively [24-26].

Several studies of diffusivity within the human fornix
have identified changes which occur with normal aging
[27, 28] and in neurodegenerative disease [17, 29]. For
instance, FA has been reported to decrease with aging
while mean diffusivity (a combined measure of RD and
AD) increases, possibly reflecting degradation, break-
down or deterioration in fiber integrity [27, 28]. Howev-
er, since the fornix is a large and heterogeneous structure,
diffusivities measured for its entire volume may not be
accurate or reveal highly localized changes. Assessment
of diffusivity at the subregional level is not commonly
performed due to technical constraints, which have in-
cluded a limited ability to image fornix anatomy and ac-
curate subregional identification. Here, we use a readily
available single-tensor tractography model to identify
differences in the subregions of the fornix. Specifically,
the aim of the study was to determine (i) the ability for
DTI tractography to delineate the anatomical structure of
the fornix and (ii) identify age-related differences in sub-
regions of the fornix in a cross-section of healthy adults.

Methods

Data Acquisition

All subjects were healthy volunteers, imaged using a General
Electric 3-tesla Signa HDx MRI scanner with an 8-channel head
coil. T1-weighted anatomical and diffusion-weighted images were
acquired from 20 healthy right-handed females, aged 23-66 years
(mean 43.9, standard deviation 13.8). T1-weighted scans were ac-
quired using axial fast spoiled gradient echo sequences with slice
thickness = 1 mm. Diffusion-weighted images were acquired with
60 gradient directions with spin echo planar imaging sequence,
slice thickness = 3 mm, in-plane voxel size = 0.97 x 0.97, TE = 86.6,
TR = 12,000, NEX = 1, matrix = 128 x 128, b-value = 1,000 s/mm?,
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slice number = 55, asset = ON, parallel factor = 2. Institutional re-
search ethics board approval was obtained for this study, and all
subjects gave their written informed consent.

Region of Interest Definition

The fornix was subdivided into 6 anatomical subregions as fol-
lows: (i) fimbria - the short segment between the end of the hip-
pocampal region until the coalescing of the fimbrial fibers into the
bundle of the crura; this also corresponds to the point that is fur-
thest away from the anterior commissure (AC) position; (ii) cru-
ra — from the end point of the fimbria until the joining of the
crura to form the body; (iii) body - midline structure that contin-
ues anteriorly and rostrally following the roof of the third ven-
tricle; (iv) column - short midline structure located between the
edge of the roof of the third ventricle to the position of the AC; it
is characterized by its vertical course towards the AC; (v) precom-
missural columns - bilateral structures which travel anteriorly to
the AC, and (vi) postcommissural columns - also bilateral, travel
posterior to the AC. The subregions of the fornix can be further
classified into 2 groups: midline structures, where the left/right
components cannot be visually discerned from MRI images (i.e.
body, column and precommissural fibers) and clearly discernable
lateralized subregions (i.e. fimbriae, precommissural and post-
commissural columns).

For the purposes of intersubject comparison of subregional dif-
fusivities, the regions of interest (ROIs) were identified in unique
points where the location of the subregion is most consistent and
therefore least likely to be erroneously placed in a different subre-
gion. The following criteria were used to help further guide ROI
placement: fimbria - inflection point of the fibers and point fur-
thest away from the position of the AC; crura - immediately pos-
terior to the body of the fornix, where the bilateral structure can be
clearly distinguished; body - midpoint, along the roof of the third
ventricle; column - along the vertical course, above the position of
the AC; precommissural fibers — anterior to the AC; postcommis-
sural fibers — posterior to the AC.

Image Processing and Tractography

All image processing and tractography analyses were complet-
ed using 3D Slicer software [30]. Diffusion data were corrected for
eddy current and motion distortions using FSL software [31] and
imported into 3D Slicer, where the DTI tensor volume was calcu-
lated. The T1-weighted anatomical scan was also imported and
registered to the DTI baseline using linear registration. A seeding
ROI was placed at the column of the fornix superior to the AC,
where the location of the fornix is the most universally recogniz-
able across all the subjects’ scans to reduce tract inconsistency. An-
other seeding ROI was placed at the center of the AC to delineate
the AC tracts (fig. 1). A single-tensor tractography model was gen-
erated with initial seed spacing = 0.5 mm, initial seeding FA thresh-
old = 0.2, stopping FA threshold = 0.1, curvature threshold = 0.8
and integration distance = 0.1. Erroneous tracts were filtered out
using the ROI Select Boolean operation.

Diffusion Statistics

Scalar DTI metrics were extracted, using 3D Slicer, from ROIs
placed at the precommissural column, left and right postcommis-
sural columns, column of the fornix superior to the AC, posterior
fornix body directly anterior of the hippocampal commissure, left
and right crura, and left and right fimbria (fig. 2 and as described

Age-Related Changes in DTI Metrics of
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Fig. 1. DTI model reconstruction using deterministic tractogra-
phy. a Axial slice of a sample brain with the T1-weighted anatom-
ical scan superimposed onto the DTI image of the same subject.
The DTT image is shown in color-by-orientation (red: left-right;
green: anterior-posterior; blue: superior-inferior). The yellow ar-
rowhead denotes the seeding ROL b Midsagittal slice; the red ar-
rowhead denotes the ROI for AC seeding. ¢ Sagittal representative
fornix tractography reconstruction overlaid onto the combined
DTI tensor/anatomical image.
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Fig. 2. ROI placement within the forniceal subregions. a Regions
of the fornix that are of interest: 1 = precommissural column; 2 =
postcommissural column; 3 = column of fornix; 4 = body of fornix;
5 = crura; 6 = fimbriae. The red fiber delineates the position of the
AC as anatomical reference. b, ¢ The specific cross-sections where
the respective ROIs were measured.
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above). ROI locations were selected to be near the AC and hippo-
campal commissure to minimize spatial variability between sub-
jects. ROI volumes were based on automatically generated masks
from the tracts to minimize user bias.

Subcortical Volume Measurements

Freesurfer image analysis suite was used for volumetric seg-
mentation of the hippocampi and lateral ventricles. The process-
ing steps included intensity normalization of the T1-weighted MRI
scans, skull stripping of nonbrain tissue, automated Talairach
transformation, mapping the subcortical regions onto an averaged
brain template and stochastically labeling the subcortical regions
[32]. The segmentation maps were imported into 3D Slicer and
registered onto the DTI scan to visualize the hippocampus and
amygdala. Hippocampal volume statistics were corrected against
intracranial volume.

Linear regression and analysis of variance calculations were
computed using the R statistics package to determine the relation-
ship between diffusivity parameters in different regions of the for-
nix and age. False discovery rate multiple comparison correction
was applied to the correlation statistics. Ordinal linear regression,
weighted linear regression and quadratic regression were comput-
ed and compared using analysis of variance to determine the effect
of model selection. Left and right lateral ventricular volumes were
compared with the pairwise Student t test.

Results

Reconstruction of the Tracts of the Fornix

3D tract reconstructions of all subregions of the for-
nix were achieved in all subjects (fig. 1a). The position
of the AC was also assessed in detail for each case, since
it serves as reference point for the pre- and postcommis-
sural fibers (fig. 1b). The reconstructed tracts were over-
laid onto anatomical images to ensure that there is ac-
curate correspondence between the two modalities of
imaging (fig. 1c). Each subregion was defined based on
these reconstructions and a priori determined anatomi-
cal criteria, allowing for accurate positioning of the
ROIs for diffusivity calculations (fig. 2, 3). The overall
3D structure of the fornix was examined within and
across subjects. While some variation in shape was vis-
ible, all forniceal subregions were clearly visible in every
subject.

Age-Related Diffusivity Changes in the Subregions of

the Fornix Are Not Uniform

Forniceal subregional diffusivity metrics were corre-
lated with age (fig. 4). Midline subregions (precommis-
sural fornix, body and column) and lateralized subre-
gions (postcommissural fornix, crura) were examined
separately. In midline subregions, the body of the fornix
showed FA, RD and AD changes with age (p < 0.05). The
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column showed an increase in RD with age, but no chang-
esin FA and AD. The pre- and postcommissural column
diffusivities were not significant across time.

Asymmetry of the Crura

When the diftusivity values were compared for each
crus, we observed that the left crus changed across time
for all 3 measures of diffusivity while the right crus only
demonstrated change in FA. By comparison, the fimbriae
did not show significant correlations with age. Analysis
of variance for the different regression models showed no
significant differences as a result of different model-fit-
ting methods. Hippocampal volume was both linearly
and quadratically regressed with age; however, no signif-
icant correlations were found. Pairwise comparisons of
left to right lateral ventricular volume showed no statisti-
cally significant differences (t = -0.08, p = 0.93).

Discussion

Our study demonstrates the feasibility of indepen-
dently measuring the DTI properties of the forniceal sub-
regions. By carrying out subregional analysis, we ob-
served previously unidentified asymmetrical diffusivities
that were subregion, side and age related. Assessment of
hippocampal volumes in this cohort of healthy subjects
did not reveal significant age-related volumetric changes,
suggesting that diffusivity changes in the fornix may pre-
cede changes in the hippocampus. This fact may be of
relevance in the development of better markers for the
process of healthy aging and possibly in the prediction of
cognitive decline which is a hallmark of many neurode-
generative disorders, although future studies must be
done to further explore such a relationship.

Asymmetric Diffusivities in Lateralized Subregions of

the Fornix

We observed decreased FA and increased RD and AD
in the left crus associated with aging, and a decrease in FA
only on the right side. We investigated the possibility that
ventricular asymmetry might result in such differences.
While there is evidence of ventricular asymmetry in the
schizotypical population [33], and instances of trapped
ventricular horns can affect forniceal anatomy, analysis of
left and right lateral ventricular volume showed no signifi-
cant differences in our subject group. Therefore forniceal
diffusivity asymmetry is not the result of lateral ventricular
asymmetry. This right-left forniceal discrepancy may be an
indication of hemisphere dominance, since in this case all

Age-Related Changes in DTI Metrics of
Fornix Subregions

Fornix

N

é

Fig. 3. Tractography model of the fornix highlighting asymmetry
(blue). b Identified for visualization purposes are the AC, hippocam-
pal area (HC) and amygdala (Amyg). The models are generated from
Freesurfer segmentations of the same subject. Note that a shows a sol-
id bundle of fimbria tract extending into the left hippocampus while
the right fimbria tract in ¢ does not show the same extension. This
asymmetry in tract propagation is most prevalent in older subjects.
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Fig. 4. Linear regression plot of diffusivity metrics versus age. Col-
umns show FA, AD and RD, respectively; the first row shows dif-
fusivities in midline forniceal subregions (precommissural col-
umn, column and body); second and third rows show diffusivities

subjects were right handed. As the crus is the subregion
most proximal to the hippocampus, it is possible that its
diffusivity changes are a reflection of hippocampal chang-
es relating to age, particularly as some studies of the hip-
pocampal areas have also noted a left-side asymmetrical
decrease in volume related to aging [34, 35]. Longitudinal
diffusivity and cognitive correlation with cohorts older
than the present population may clarify this finding fur-
ther. Interestingly, a recent study has shown a positive cor-
relation between cerebrospinal fluid concentrations of the

156 Stereotact Funct Neurosurg 2015;93:151-159

DOI: 10.1159/000368442

of left and right lateralized subregions (postcommissural column,
crura and fimbriae), respectively. Shaded areas represent 95% con-
fidence intervals.

Alzheimer-related marker proteins (AP42 and AP42/p-
Taul81 ratios) and FA values in the left crus — independent
of total fornix volume, and this is not seen in the hippo-
campus - in healthy older adults at risk for developing Al-
zheimer’s disease [36].

Diffusivities in Midline Subregions of the Fornix

The body and column of the fornix clearly demon-
strated changes with age. While the forniceal body showed
decreased FA, and increased RD and AD over time, only
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RD values in the column showed significant increases
over time. Although the reason for this result is currently
unclear, given the slight trend in decreased FA also seen
in this region, it is possible that the inclusion of addition-
al subjects or older adults might reveal significant column
changes in FA. Nonetheless, the present results suggest
that the fornix body is especially susceptible to age-relat-
ed degradation. Similarly, the precommissural and post-
commissural columns demonstrated no significance but
showed a similar weak decreasing trend in FA values.
These results suggest that, even within a clearly labeled
tract such as the anterior fornix, its diffusivity changes
can be highly heterogeneous. Our results are consistent
with other literature which reports decreased FA values
in the fornix with age [37, 38]. While studies have shown
that age-independent demyelination or axonal injury
strongly correlates with specific DTI metrics such as RD
or AD, respectively [39-41], it is unsurprising to see
changes in FA, AD and RD in our current study sample
given that multiple events involving different aspects of
white matter integrity are involved in aging.

The literature investigating the effects of age-related
hippocampal atrophy has demonstrated that decreased
hippocampal volume follows a nonlinear trend [42].
Therefore both linear and quadratic regressions were per-
formed to examine age-related diffusivity changes in our
cohort, which was younger (mean age of 44 years) com-
pared to typical studies in older adults (e.g. see Ezzati et
al. [43]; mean age of 80 years). Nonetheless, our analysis
revealed no difference in the resulting model selection,
suggesting that age-related forniceal diffusivity changes
in healthy younger adults do not follow a nonlinear trend
- again, supporting the notion that these forniceal chang-
es may precede those seen in the hippocampus.

Correlation of Hippocampal Volume with Age

While it is known that the volume of the hippocampus
decreases with age [38, 44, 45], we did not observe a sig-
nificant decline in hippocampal volume in our group of
healthy subjects. Longitudinal studies have demonstrated
that there is whole-brain, and especially hippocampal, at-
rophy with age which correlates with a decline in cognition
[46]. That we did not observe a correlation between hip-
pocampal volume and age is likely a reflection of the over-
all younger age group of subjects and lack of obvious cog-
nitive impairments. It is also consistent with findings in a
much larger cohort which revealed a pattern of increasing
hippocampal volume over the first 30 years of life, followed
by a slow decrease across the ages of 30-60 and a more
rapid decrease from the ages of 60 to 90 [47]. Moreover,

Age-Related Changes in DTI Metrics of
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that study showed an even slower rate of decreasing gray
matter volume in the parahippocampal area across time -
aregion which is included in our mask of the hippocampal
area. Although the present results from the fornix suggest
that this region may be a better early predictor of age-re-
lated changes, when compared to the decreases in hippo-
campal volume, this claim needs to be explicitly examined
inlongitudinal studies. In particular, future studies should
look for clear evidence that these early changes in the for-
nix are strongly tied to later volumetric changes in the hip-
pocampal area. One study along these lines has shown that
whole-fornix FA values correlate strongly with hippocam-
pal volumes, and that each measure was a good predictor
of the transition from mild cognitive impairment to a di-
agnosis of Alzheimer’s disease [17]. Analyses with a subre-
gional approach will aid in our understanding of neuro-
anatomical changes in these disorders.

Limitations

The crura and fimbriae have traditionally been the
most difficult regions to resolve by DTT tractography be-
cause of the divergence of the forniceal tract and its prox-
imity to the hippocampus. The precommissural and post-
commissural fibers have also been difficult to image due
to their proximity to the many crossing pathways near the
mammillary bodies and hypothalamus. Previous papers
focusing on tractography of the fornix have been limited
by their inability to resolve these structures [48-51]. Jang
etal. [27] examined the FA values in the forniceal column,
body and crura with a 1.5-tesla MRI magnet, which is a
lower field strength than used in our work (3-tesla MRI)
and results in lower resolution images. Moreover, they
did not examine RD and AD in these regions. Together,
these issues may help explain why these authors failed to
find the asymmetry noted in the present study.

We have used a single-tensor model that is widely
available and relatively easy to use (e.g. 3D Slicer) to dem-
onstrate that differences can be found along a structure
as robust as the fornix, and suggest that these differences
should be routinely considered in clinical studies. Al-
though the fornix is known to be a distinctively uniform
white-matter bundle across most of its subregions, it is
important to note that regions with many crossing fibers
which lie anteriorly in the regions of the pre- and postcol-
umns are typically problematic for the DTT algorithm, as
the fornix splits anteriorly/posteriorly to connect to the
septal nuclei, nucleus accumbens and mammillary bod-
ies. Thus, although our focus was not on these anatomi-
cally transitional structures per se, and despite the fact
that the single-tensor approach appeared to outline these
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structures relatively well, future studies should utilize
more advanced strategies to investigate these regions. For
instance, multitensor tractography models are better at
delineating fine-grained anatomical details and in imag-
ing structures with heavy crossing fibers [52, 53].

The placements of the ROIs used for diffusion metric
extraction may be prone to user bias in visual selection.
Therefore care has been taken to use the tractography
model as a template, and consistent anatomical land-
marks were used to minimize such biases. More detailed
studies may be possible in the future by using nongauss-
ian diffusion imaging methods with high angular resolu-
tion diffusion imaging [54], as well as automated tractog-
raphy quantification tools to allow full examination of the
fornix structural diffusion metrics. While these tools are

still highly experimental and are in the process of devel-
opment at the time of writing, with the improvement in
technology, additional insight may be gained.

Conclusions

We have demonstrated differential significant changes
in diffusivity across forniceal subregions in aging healthy
adults. Our results support asymmetrical changes of the
crura despite an absence of hippocampal volume changes.
Diftusivity metrics may be a more sensitive marker in de-
tecting forniceal changes in early aging, and more detailed
studies may shed light on the relationship of fornix and

hippocampal changes in the younger aging population.
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