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Abstract
Both white and grey matter atrophy with age, but it is still unclear how decline in white matter relates to decline in grey matter, and
how this relationship varies with age. In a group of healthy adults from 20 to 80 years old, divided into three age groups by tertiles,
we cross-sectionally examined the white-to-grey matter associations in the fornix and the hippocampus, and tested if and how the
fornix-to-hippocampus relationship differs across the age groups. Both structures were also tested as predictors for performance on
a memory test, the Selective Reminding Task (SRT). Participants were imaged with T1-weighted magnetic resonance imaging
(MRI) and diffusion-weighted imaging (DWI), from which the hippocampal volume, fractional anisotropy (FA), and mean
diffusivity (MD) for the bilateral crus and body of the fornix were calculated. Our data showed that even after accounting for
age, sex, and motion parameters, fornix integrity predicted hippocampal volume in the two older age groups (middle and old age)
for the crus of the fornix, and only in the oldest age group for the body of the fornix. Furthermore, fornix integrity significantly
predicted SRT performance, whereas hippocampal volume did not; this relationship was also observed only in the oldest age
group, and absent in the two younger age groups. The age specificity of the relationships suggests that the fornix-to-hippocampus
relationship only manifests once brain structures begin to atrophy in old age, and that fornix integrity is a more sensitive measure
for episodic memory than is hippocampal volume.
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White (WM) and grey matter (GM) are interconnected struc-
tures, but have been treated as independent factors by most
studies due to the fact that different imaging techniques are
sensitive to the two different structures. The structural integrity
of WM is usually quantified with diffusion weighted imaging
(DWI) while that of GM is measured with T1-weighted mag-
netic resonance imaging (MRI). A major difference between
the two techniques is that DWI reflects microstructural prop-
erties such as the diffusion of water molecules in the brain,
while T1-weighted MRI reflects macrostructural properties
such as thickness and volume. This difference in scale suggests
that even if both grey and WM integrity decline at the same
rate, the damage should be detected earlier in WM due to the
greater sensitivity of DWI to microstructural damage.

A small number of neuroimaging studies have examined
the association betweenWMand GMmeasures in healthy and
clinical populations. While both white and grey matter mea-
sures have been incorporated into the same model as are pre-
dictors for cognitive performance (He et al. 2012; Hong et al.
2015; Stricker et al. 2013), the direct association between the
two structures has rarely been explored. For example, Stricker
et al. (2013) controlled for cortical thickness and found
significant associations between medial temporal FA and
memory, as well as between parietal FA and executive
function, but did not examine the direct relationship between
cortical thickness and FA. Steenwijk et al. (2015) was one of
the studies that directly related WM to GM measures in 208
multiple sclerosis patients, using tractography to segment
WM tracts directly connected to each of the 82 GM regions
(68 cortical and 14 deep gray matter regions), then relating the
FA of the WM tracts to the respective GM seed regions. In
relapsing-remitting MS patients, FAwas found to predict GM
atrophy in both cortical and deep GM regions while FA only
predicted GM atrophy in deep GM regions for secondary-
progressive patients. In an aging study, Storsve et al. (2016)
directly related longitudinal GM atrophy to 18 major WM
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tracts in 201 healthy adults aged 23 to 87 years old and dem-
onstrated spatial specificity in the relationship between GM
and WM regions.

While these studies established a direct link between GM
and WM, an important question that remains unaddressed is
whether the WM-to-GM relationship differs with age. Our
current study examined the interaction between this relation-
ship and age by focusing on two directly connected structures,
the hippocampus and the fornix. While a complex system of
connections are formed with the hippocampus, the fornix con-
sists of the major fiber bundles that exit the hippocampus and
connect with cortical areas, and plays an important role in
memory and learning functions (Duvernoy et al. 2013).
Thus, the fornix to hippocampus pairing is the best candidate
for understanding the relationships among GM,WM, and per-
formance on an episodic memory task in the context of aging.
We hypothesized that atrophy in the hippocampus and the
fornix should be closely correlated, and that age differentially
influences the relationships between these two structures and
task performance.

Relationships between memory performance and the struc-
tural characteristics of the hippocampus and fornix have also
been reported in a number of studies (Douet and Chang 2014;
Fletcher et al. 2013), but most of these studies examined the
virtues of the fornix as a biomarker for Alzheimer’s disease,
rather than the age-related differences in the fornix-
hippocampus relationship and its interaction with age. An
exception was in Mielke et al. (2012)—although the focus
of the paper was on the fornix as a potential AD biomarker,
it also directly correlatedWM and GM, finding that the fornix
FA and three additional WM integrity measures were all cor-
related with hippocampal volume.

Based on previous literature, we used the Selective
Reminding task (SRT) (Buschke and Fuld 1974) to measure
episodic memory. SRT is routinely used in clinical evaluations
of episodic memory ability, for which performance has been
associated with the left hippocampal volume in multiple scle-
rosis patients (Pardini et al. 2014) and in patients withmemory
complaints (Quenon et al. 2016).

Our current study further contributed to research in brain
structure by demonstrating age-related differences in the
fornix-to-hippocampal association, as well as by providing
support for the greater value of using diffusivity measures
relative to using hippocampal volume measures in predicting
episodic memory performance in older adults.

Method

Participants

327 participants aged 20 to 80 years old were included in this
study. Demographic details are listed in Table 1, which shows

the three age groups used in group-specific analyses when
probing age interactions. Groups were divided by tertiles
(the 33rd and 67th percentiles divided the sample into three
approximately equal subsets). Participants were recruited
using established market mailing procedures to standardize
the recruitment procedures of young and old adults.
Participants who responded to the mailings were screened
over telephone to ensure fulfillment of basic inclusion criteria
(right handed, English speaking, no psychiatric or neurologi-
cal disorders that could potentially affect cognition, normal or
corrected-to-normal vision, and no current use of central-
nervous-system-targeting medications). Individuals that
passed the telephone screening were then screened in-person,
and participants aged 60 years or older were required to score
at least 135 on the Mattis Dementia Rating Scale for inclusion
in the study. Informed consent, as approved by the Internal
Review Board of the College of Physicians and Surgeons of
Columbia University, was obtained prior to study participa-
tion, and after the nature and risks of the study were explained.
Participants were paid for their participation in the study.

Selective reminding task

The total number of items recalled in the Selective Reminding
Task (SRT) (Buschke and Fuld 1974) was used to assess
memory performance. Participants in this task were first read
a list of 12 words, then immediately asked to recall as many as
they could. For the five following trials, they were reminded
of the words that they did not report, then asked once again to
recall all of the words on the list. Thus, the maximum number
of total recalled words is 72 (12 items × 6 trials).

MRI acquisition

MRI images were acquired in a 3.0 T Philips Achieva magnet
using a standard quadrature head coil. A T1-weighted scout
image was acquired to determine subject position. 165 contig-
uous 1 mm axial T1-weighted images of the whole brain were
acquired for each subject with an MPRAGE sequence using
the following parameters: TR = 6.5 ms, TE = 3 ms, flip an-
gle = 8°, 256 × 256 acquisition matrix, and 240 mm field of
view. Two DWI images were acquired in 56 directions using
the following parameters: b = 800 s/mm2, TE = 69 ms, TR =
11,032 ms, flip angle = 90°, in-plane resolution 112 × 112
voxels, acquisition time = 12 min 56 s, slice thickness =

Table 1 Demographic information

Group n Age, M(SD) Education, M(SD) Sex, %(n) F

Young: <39 108 28.8 (4.71) 16.0 (2.28) 67% (72)

Middle: 39–63 109 52.5 (7.47) 16.1 (2.26) 48% (52)

Old: ≥ 64 110 69.6 (4.09) 16.7 (2.60) 49% (54)
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2mm (no gap), and 75 slices. All T1 scans were reviewed by a
neuroradiologist to check for potentially clinically significant
findings, such as abnormal neural structure. No clinically sig-
nificant finding was identified in the subjects included in our
current study.

Structural T1 processing

Each subject’s structural T1 scans were reconstructed using
FreeSurfer v5.1 (http://surfer.nmr.mgh.harvard.edu/). The
accuracies of FreeSurfer’s subcortical segmentation and
cortical parcellation (Fischl et al. 2002; Fischl et al. 2004)
have been reported to be comparable to manual labeling.
Each subject’s WM and GM boundaries, as well as GM and
cerebral spinal fluid boundaries, were visually inspected slice
by slice, manual control points were added in the case of any
visible discrepancy, and reconstruction was repeated until sat-
isfactory results were reached within every subject.
Hippocampal volume for both hemispheres was calculated
through FreeSurfer’s automated subcortical segmentation
(Fischl et al. 2002). The subcortical structure borders were
plotted by TKmedit visualization tools and compared against
the actual brain regions. In case of discrepancies, the
parcellations were corrected manually.

Diffusion tensor image processing

The two DWI images were concatenated along with their cor-
responding b-vectors, b-values, and processed through
FreeSurfer’s TRActs Constrained by UnderLying Anatomy
(TRACULA) processing stream (Yendiki et al. 2011) which
comprised of preprocessing through the FMRIB Software
Library (FSL) FDT toolbox (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT), including eddy current and motion correction,
and diffusion tensor modeling to produce the fractional
anisotropy (FA) and the mean diffusivity (MD) images.
Masks from the Johns Hopkins University WM labels atlas
for the left and right crura and the body of the fornix were used
to extract the MD and FA for each of the three structures.
Transformations of the masks from Montreal Neurological
Institute (MNI) space to each participant’s native space were
calculated as part of the TRACULA pipeline, which consisted
of an array of registration tools including tkregister2,
FreeSurfer’s boundary-based registration (Greve and Fischl
2009), and FSL’s FLIRT (Jenkinson et al. 2002; Jenkinson
and Smith 2001). For each participant, three mean MD and
three FAvalues were produced and entered into the regression
models described in the Statistical Analysis section below.
Movement parameters were produced, but only the mean
translation and rotation values were used in this study. Only
FA and MD were examined in our study and did not include
axial and radial diffusivity values because factor analysis
showed that the four DTI measures are so highly correlated

that they constitute at most two unique factors (unpublished
result). Therefore, we only examined two measures that dom-
inated the two factors to minimize the chance of type I and
type II errors in hypothesis testing: (1) If we didn’t correct for
multiple comparisons and thus overestimating the effects, then
we would risk producing false positives, and (2) if we
corrected for multiple comparisons, which assumes the mea-
sures are independent of each other, then we would risk pro-
ducing false negatives. Therefore, we examined two
measures that are more representative of the two major
sources of variability in the four DTI measures and corrected
for multiple comparisons as described in the Statistical analy-
sis section below.

Statistical analysis

All analyses were conducted in SPSS (IBM; v23) and p < .05,
corrected for multiple comparisons as described in each sub-
section below.

Fornix integrity predicting hippocampal volumeMultiple lin-
ear regression was used to test the relationship of the mean FA
and MD of the fornix with hippocampal volume, in which
hippocampal volume was the dependent variable and either
FA or MD was the independent variable. Covariates included
age, intracranial volume (ICV), sex, and the means of transla-
tional and rotational motion during the DWI scan. For the
models involving the crura of the fornix, each crus was used
to predict the ipsilateral hippocampal volume (i.e. the left crus
predicting the left hippocampal volume). For the model with
the body of the fornix as a predictor, the mean over the left and
right hippocampal volumes was the dependent variable. Since
two DTI measures, FA and MD, were examined along with
the three segments of the fornix (the left and the right crura
and the body), the p value after correction for multiple com-
parisons was .0083 (.05/6).

Structural measures predicting SRT performanceMultiple lin-
ear regression was performed with SRT total items recalled as
the dependent variable, and the hippocampal volume, either
MD or FA, age, education, and motion parameters as indepen-
dent variables. As there is obviously no laterality asso-
ciated with SRT performance, the crus and hippocampal
measures were averaged across the two hemispheres.
Thus, the mean MD or FA for the crus of the fornix
and the mean hippocampal volume for each participant were
entered into the models. The p value after correction for mul-
tiple comparisons was .0125 (.05/4: two DTI measures with
two segments of fornix).

Age-dependent differences To examine whether the fornix-
hippocampus and structure-SRT performance relationships
differ across age groups, an age interaction term was added
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to the two above models. For the prediction of hippocampal
volume, an age by DTI interaction was added to the model.
For the prediction of SRT performance, an age by DTI
measure and an age by hippocampal volume interaction
were added to the model. For models that showed sig-
nificant interaction with age, the total sample was divid-
ed into three age groups as described in the Participants
section. The same model was tested in each group with-
out interaction terms to examine the interactions in post
hoc tests, which minimizes the number of multiple com-
parisons by conducting post-hoc tests of significant in-
teractions with age.

Results

Two groups of models were tested: The first predicted hippo-
campal volume, and the second predicted SRT performance.
Models predicting hippocampal volume differed by the DTI
measure (FA or MD), fornix segments (crus or body), and
laterality (left or right hemisphere) used; while models
predicting SRT performance combined the left and right hemi-
spheres, thus differing only by the DTI measures and fornix
segments used as predictors.

Age effect on fornix DTI measures

All segments of the fornix showed lower FA and higher MD
with older age, after accounting for sex and two motion pa-
rameters. Table 2 shows the statistics associated with Age and
Sex effects.

Fornix predicting hippocampal volume

When employing age, fornix integrity, two motion parame-
ters, ICV, sex, and age by fornix interaction as independent
variables, age by fornix interaction was significant for the MD
measure for the crus of the fornix, and both MD and FA
measures for the body of the fornix. However, only the age
x MD of the left Crus and age x FA of the body of the fornix
exceeded the p value corrected for multiple comparisons. The
statistics for these models can be found in Table 3. For signif-
icant Age x Fornix interactions, the interactions were further
examined post-hoc in each of the age tertiles. In the post-hoc
models, the crus and body of the fornix did not predict hippo-
campal volume in the young group, but did significantly pre-
dict it for the old group. The mean FA for the body of the
fornix in the middle group also predicted hippocampal vol-
ume. For all of these significant associations, greater intact
WM integrity (higher FA or lower MD) was associated with
greater hippocampal volume. Figure 1 demonstrates the asso-
ciations of the left crus of the fornix with left hippocampal
volume across the three age groups.

Fornix and hippocampus predicting SRT performance

Using age, two motion parameters, education, fornix integrity,
hippocampal volume, and interactions with age as independent
variables, the age by fornix interaction exceeded the p value of
.05 only for the mean MD of the crus of the fornix, but did not
survive correction for multiple comparisons, and the age by
hippocampal volume interaction was significant after correction
for multiple comparisons for FA of the crus and both MD and
FA for the body of the fornix. Examining the three age groups
separately showed that the MD of the crus of the fornix signif-
icantly predicted SRT performance only in the old age group,
while hippocampal volume was not a significant predictor of
SRT performance in the old and middle age groups (see
Table 4). Figure 2 shows the association between FA for the crus
of the fornix and SRT performance in which greater fornix in-
tegrity (higher FA) was associated with better SRT performance.

Unexpectedly, hippocampal volume in the young group was
negatively associated with SRT performance, as larger volume
was associated with worse performance. However, when con-
sidering the general trend across all subjects, hippocampal vol-
ume was positively associated with SRT performance, indicat-
ing that it may have been a chance occurrence that this unex-
pected relationship wasmanifested in the young group. It would
be interesting to try replicating this trend in a different sample
and to then identify the source of the variability if replication
were successful. Figure 3 shows the association between hippo-
campal volume and SRT total recalled, with the black line
showing the linear trend for all of the groups combined.

Discussion

In a group of participants ranging from young to old adult-
hood, our study examined if and how the integrity of two
sections of the fornix relate to hippocampal volume, and
how the two structures contribute to variability in the perfor-
mance of a typical episodic memory task, SRT. Inclusion of a
wide age range also conferred the ability to test the effect of
age on the fornix-hippocampus relationship and on the
structure-to-SRT performance relationship. By conducting
post hoc tests on the significant age interactions, we observed
that in the oldest age group, the integrity of the fornix predict-
ed hippocampal volume even after accounting for motion dur-
ing scans, and that fornix integrity predicted SRT performance
even after accounting for hippocampal volume and a number
of other covariates. None of these results were observed in the
youngest age group, and were observed only for the fornix-
SRT relationship in the middle age group.

Even though our analysis was cross-sectional, the associa-
tion found between fornix integrity and hippocampal volume
is consistent with a longitudinal aging study in which decline
in GM thickness over an average of 3.6 years was associated
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with decrease in WM integrity for 18 major WM tracts
(Storsve et al. 2016). This relationship was reported for the
thickness of the end regions connected by the axonal tracts, as
well as for the thickness of the surrounding cortex. However,
the study only examined the entire sample, which consisted of
participants aged 23 to 87 years, and did not examine the
effects of interaction with age. Our study elaborates on these
results by demonstrating that the GM toWM relationship may
only hold for older age groups, albeit only considering the
relationship specifically in the hippocampus and fornix. It
would be instrumental to examine age interaction effects in
other brain structures for future studies.

Our finding that the integrity of the fornix predicted hippo-
campal volume only in the oldest age group suggests that in
the absence of any age-related damage, the variability in hip-
pocampal volumemay be more closely related to other factors
such as lifestyle and genetics than it is to the integrity of the
fornix. As the two connected structures decline with age, and
atrophy in one structure induces atrophy in the other, their
association becomes stronger. A similar relationship between
fornix integrity and hippocampal volume was reported in pa-
tients with Mild Cognitive Impairment and Alzheimer’s dis-
ease (Mielke et al. 2012; Zhuang et al. 2013), both of which

possess structural atrophy as a hallmark. Other conditions
were also associated with a simultaneous alteration of various
fornical and hippocampal aspects, although the relationship
between the two was not often directly examined. For exam-
ple, one study found that lower fornical FA, as well as smaller
hippocampal volume, was present in early-psychosis subjects
(Baumann et al. 2016), and another found that subjects with
right or left temporal lobe epilepsy exhibited increased MD in
both the bilateral hippocampus and fornix(Chiang et al. 2016).
In all these diseases, the fornix integrity was closely correlated
with measures of hippocampal integrity.

Even though we used fornix integrity to predict hippocam-
pal volume in our models, it is important to note that the same
exact significant statistics (t and p values, not the beta value)
would be obtained if hippocampal volume were used to pre-
dict fornix integrity. We chose to use fornix integrity as the
predictor in this study because the DTI measures for the fornix
are theoretically more sensitive to structural damages than is
T1-weighted imaging, as T1-weighted MRI characterizes the
hippocampus at the macrostructural level, providing informa-
tion about GM thickness and volume. Microstructural mea-
sures calculated from DWI enable description of WM struc-
ture at a level indiscernible at the macroscopic level. Models

Table 3 Statistical results for the prediction of hippocampal volume

Model Fornix Age Age x Fornix

Group IVs DTI DV df F/t p F/t p F p

All L Crus, age x L Crus FA L hVol 1, 319 0.013 0.909 5.66 0.018 1.26 0.262

All R Crus, age x R Crus FA R hVol 1, 319 0.966 0.326 9.45 0.002 3.46 0.064

All R Crus, age x R Crus MD R hVol 1, 319 1.22 0.270 1.78 0.183 5.22 0.023

All Body, age x body MD hVol 1, 319 0.275 0.601 1.13 0.289 5.19 0.023

All L Crus, age x L Crus MD L hVol 1, 319 1.59 0.208 2.58 0.109 7.4* 0.007

Young L Crus MD L hVol 106 −0.641 0.523 −0.963 0.338 – –

Middle L Crus MD L hVol 107 −1.91 0.059 −1.22 0.226 – –

Old L Crus MD L hVol 108 −3.87 <.001 −1.45 0.150 – –

All Body, age x body FA hVol 1, 319 0.56 0.455 17.8 <.001 9.1* 0.003

Young Body FA hVol 106 1.44 0.152 −0.328 0.744 – –

Middle Body FA hVol 107 2.61 0.011 −1.73 0.087 – –

Old Body FA hVol 108 3.26 0.002 −1.45 0.151 – –

All models included age, sex, ICV, and motion parameters as independent variables in addition to the ones listed. Models with all age groups have F
statistics listed whereas models for specific age groups have t statistics listed. Bolded = p < .05. * = p < .05 corrected for multiple correction.

IVs independent variables; FA fractional anisotropy; MD mean diffusivity; hVol hippocampal volume; L left; R right

Table 2 Age and Sex effects on each of the fornix DTI measures

IV L Crus FA L Crus MD R Crus FA R Crus MD Body FA Body MD

t p t p t p t p t p t p

Age −11.6 <.001 11.7 <.001 −13.0 <.001 12.1 <.001 −15.0 <.001 14.2 <.001

Sex −2.61 0.01 4.14 <.001 −2.04 0.042 2.98 0.003 −3.04 0.003 2.96 0.003

IV Independent variable; L left; R right
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such as DTI enable detection of microstructural damages, and
thus should detect decline at an earlier time point than can T1-
weighted imaging.

With both fornix integrity and hippocampal volume in the
same model as predictors of SRT performance, our observa-
tion that fornix integrity, but not hippocampal volume, signif-
icantly predicted SRT performance in older adults is also con-
sistent with the idea that DTI is a more sensitive method of
measuring atrophy. The macro- and microstructural develop-
ment, as well as the decline, of underlying brain regions may
result in one structure becoming the main determining factor

of cognitive processes at one age range, and another structure
becoming the main factor at a later age. In old age, when
neuronal atrophy is more pervasive, the most sensitive mea-
sure of brain integrity should be the most predictive factor for
cognitive outcome.

In addition, neuronal atrophy with aging may also manifest
more in WM than in GM. Postmortem brain studies reported
that myelinated axonal fibers decreased by 45% from age 20
to age 80 (Marner et al. 2003) and that WM volume decreased
by 28% from age 20 to 90 (Pakkenberg and Gundersen 1997),
while GM volume only decreased by 12.3% from age 20 to 90

Fig. 1 Left hippocampal volume
vs. mean diffusivity of left fornix
crus for the three age groups.
Regression lines are shown for
each age group

Table 4 Statistical results for the prediction of SRT performance

Model Fornix Age Age x Fornix hVol Age x hVol

Group IVs DTI DV df F/t p F/t p F p F/t p F p

All Crus,hVol, age x Crus, age x hVol MD SRT 1, 308 1.74 0.188 1.97 0.162 4.35 0.038 8.39 0.004 6.1 0.014

All Crus, hVol, age x Crus, age x hVol FA SRT 1, 308 0.629 0.429 21.5 <.001 2.49 0.115 9.41 0.002 7.91* 0.005

Young Crus, hVol FA SRT 99 −0.341 0.734 −1.71 0.091 – – −2.95 0.004 – –

Middle Crus, hVol FA SRT 104 0.705 0.482 −2.15 0.034 – – 0.472 0.638 – –

Old Crus, hVol FA SRT 108 2.49 0.014 −2.05 0.043 – – 0.259 0.796 – –

All Body, hVol, age x body, age x hVol MD SRT 1, 308 <.001 0.997 9.2 0.003 0.337 0.562 11.1 0.001 9.86* 0.002

Young Body, hVol MD SRT 99 −0.088 0.93 −1.67 0.099 – – −3.06 0.003 – –

Middle Body, hVol MD SRT 104 −0.73 0.467 −2.11 0.037 – – 0.36 0.717 – –

Old Body, hVol MD SRT 108 −1.33 0.188 −2.28 0.024 – – 0.423 0.673 – –

All body, hVol, age x body, age x hVol FA SRT 1, 308 0.559 0.455 20.9 <.001 1.64 0.201 10.3 0.001 8.72* 0.003

Young Body, hVol FA SRT 99 −0.412 0.682 −1.6 0.114 – – −3.03 0.003 – –

Middle Body, hVol FA SRT 104 0.238 0.813 −2.09 0.039 – – 0.44 0.663 – –

Old Body, hVol FA SRT 108 1.57 0.119 −2.28 0.024 – – 0.256 0.798 – –

All models included age, edu, and motion parameters as independent variables in addition to the ones listed. Models with all age groups have F statistics
listed whereas models for specific age groups have t statistics listed. Bolded = p < .05. * = p < .05 corrected for multiple correction.

IVs independent variables; FA fractional anisotropy; MD mean diffusivity; hVol hippocampal volume; L left; R right
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(Pakkenberg and Gundersen 1997). Given that complete loss
of axonal tracts would result in neuronal death, the much
smaller decline in GM volume suggests that WM decline
should be in the form of axonal arbor reduction (Adalbert
and Coleman 2013). However, decline in axonal arbor reduc-
tion should result in a decrease in the number of dendritic
spines, and thus be observed as changes in thickness and vol-
ume in the connected GM structures.

To better understand the mechanism of WM degeneration
however, more precise models, such as Neurite Orientation
Dispersion and Density Imaging (Zhang et al. 2012), and im-
aging techniques, such as myelin water fraction (Billiet et al.
2015) should be used. While diffusion studies frequently

interpret the diffusion measures in terms of specific neural
degenerative mechanisms such as axonal damage and myelin
loss, and a number of studies have shown convincing evi-
dence that changes in axonal damage were reflected in axial
diffusivity (diffusivity in the longest axis) while myelin loss
was reflected in radial diffusivity (mean diffusivity in the two
shortest axes) (Concha et al. 2006; Song et al. 2003), other
studies have shown that diffusivity measures from diffusion
tensor models may be influenced by a myriad of other factors
(Beaulieu 2002). For example, Concha et al. (2010) demon-
strated that only the membrane of the axon influenced the
diffusivity measures in axons of various diameters and with
or without myelination, indicating that while axial and radial

Fig. 2 SRT total recalled vs.
average of the mean fractional
anisotropy for bilateral fornix
crura for the three age groups.
Regression lines are shown for
each age group

Fig. 3 SRT total recalled vs.
average of bilateral hippocampal
volumes for the three age groups.
Regression lines are shown for
each age group and for all three
groups together
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diffusivity measures are influenced by different degenerative
events, changes in these measures are not sufficient evidence
for a specific degenerative event.

Our study demonstrated the age specificity of the fornix-
hippocampus relationship, and illustrated that fornix integrity
is a better predictor for memory performance in healthy adults
than hippocampal volume. As with all cross-sectional data
analyses, causal inference is limited and must be confirmed
with longitudinal data to truly test the directional relationship
between hippocampal volume and fornix integrity. The age
specificity of the fornix-hippocampus relationship should also
be tested in other WM-GM pairings to examine if it is simi-
larly representative of WM-GM relationships in the rest of the
brain. Replication of this relationship in the rest of the brain
and with longitudinal changes will advance clinical diagnosis
of neural degenerative diseases by placing more emphasis on
diffusion weighted images as a clinical diagnostic tool.
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