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Introduction

Understanding the underlying causes of age-related memory 

decline remains a priority. One approach is to relate individual 

variations in cognition with variations in the microstructure of 

either grey or white matter. This study adopted the latter approach, 

focussing on hippocampal formation connections, reflecting the 

consensus view that the hippocampal formation and its pathways 

comprise a vital hub for age-sensitive forms of memory (Erickson 

and Barnes, 2003; Mitchell et al., 2000; Sexton et al., 2010). We, 

therefore, examined microstructural properties of the fornix, the 

principal pathway by which the hippocampus communicates 

directly with sites beyond the temporal lobe (Bubb et al., 2017; 

Poletti and Creswell, 1977).

Diffusion tensor imaging (DTI) provides a means to explore fornix 

status and aging. This technique, which uses the diffusion of water to 

derive indirect measures of white matter microstructure (Jones, 2010; 

Jones and Leemans, 2011), has repeatedly revealed fornix alterations 

with healthy aging (e.g. Douet and Chang, 2015; Jang et al., 2011; Ly 

et al., 2016; Metzler-Baddeley et al., 2011, 2012, 2019a; Sasson et al., 

2010). Notably, aspects of memory including recall (Gazes et al., 

2019; Metzler-Baddeley et al., 2011, 2012; Zamroziewicz et al., 2017) 

and working memory (Zahr et al., 2009) have been variously related to 

DTI-based fornix measures, including fractional anisotropy (FA) and 

mean diffusivity (MD).

Previous studies have typically treated the fornix as a unitary 

tract. In fact, it is a complex, bidirectional pathway with two 

main subdivisions, the precommissural fornix and the postcom-

missural fornix. While the precommissural fornix innervates 

orbital and medial prefrontal cortices and carries projections both 
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to and from the basal forebrain, the postcommissural fornix 

innervates the anterior thalamus and hypothalamus, including the 

mammillary bodies (Aggleton et al., 2015; Dillingham et al., 

2015; Mathiasen et al., 2019; Poletti and Creswell, 1977). Given 

how the prefrontal cortex is particularly sensitive to aging 

(Lemaitre et al., 2012; Raz et al., 1997) and the basal forebrain 

shows age-related neuronal loss (McGeer et al., 1984), it would 

be expected that white matter pathways connecting these struc-

tures, that is, precommissural fornix, would be similarly affected 

by age. We would expect such age-related differences in the pre-

commissural fornix to be accompanied by impairments in fron-

tal-mediated executive functions. The predictions are not so clear 

for postcommissural fornix. There is no evidence of age-related 

neuronal loss in the mammillary bodies but some suggestion of 

white matter–related atrophy that could reflect a loss of fornix 

inputs (Wilkinson and Davies, 1978; but see Begega et al., 1999). 

Two studies have examined the effects of aging on precommis-

sural and postcommissural fornix. The first (20 females, age 23–

66 years) found no age-related changes for FA, axial diffusivity 

(AD), or radial diffusivity (RD) in either fornix subdivision 

(Chen et al., 2015). A second study (44 participants, age 53–

93 years) did find age-related correlations for MD, AD, and RD 

in the postcommissural fornix (Christiansen et al., 2016). As 

such, there is no clear consensus as to how these tracts are 

affected by aging and how any such changes may relate to age-

related differences in cognition.

This study compared the precommissural and postcommis-

sural fornix by moving beyond previously applied DTI analyses 

(Christiansen et al., 2016) to examine white matter microstruc-

tural components in more detail in a larger cohort of 149 healthy 

individuals (age 38–71 years). The additional analyses involved 

indices of apparent axon microstructure from multi-component 

diffusion-based neurite orientation dispersion and density imag-

ing (NODDI; Zhang et al., 2012) alongside indices from quanti-

tative magnetization transfer (qMT; Sled, 2018) and 

T1-relaxometry (see section ‘Methods’) that are more sensitive to 

myelin in white matter than diffusion-based metrics. Furthermore, 

a comprehensive battery of cognitive tasks helped to determine 

whether memory functions are more closely aligned with hip-

pocampal–diencephalic connections and, hence, with postcom-

missural fornix, while executive control is more closely aligned 

with prefrontal cortex and, hence, precommissural fornix 

(Christiansen et al., 2016; Williams et al., 2019).

Methods

This study was approved by the Cardiff University School of 

Psychology Research Ethics Committee (EC.14.09.09.3843R2). 

In accordance with the World Medical Association Declaration of 

Helsinki, all participants provided written informed consent.

Participants

Participants were community-dwelling individuals recruited 

from the Cardiff University School of Psychology’s community 

panel, employee notice board, Internet, and poster advertise-

ments, as part of the Cardiff Ageing and Risk of Dementia Study 

(CARDS; Metzler-Baddeley et al., 2019a, 2019b). Participants 

were required to have a good command of the English language 

and no history of neurological disease (e.g. Parkinson’s disease, 

Huntingdon’s disease, multiple sclerosis), psychiatric disease 

(e.g. major depressive disorder, bipolar disorder, schizophrenia), 

or substance dependency. Participants were also excluded if they 

had suffered a moderate to severe head injury with loss of con-

sciousness, had high risk of cardio-embolic incidents (e.g. severe 

heart failure, cardiac aneurysm, aortic stenosis), significant large-

vessel disease, or magnetic resonance imaging (MRI) contraindi-

cations (e.g. pacemaker, stents).

Demographic and health information about general and life-

style risk factors for dementia were collected from 211 volunteers, 

of which 166 went on to undergo cognitive testing and MRI scan-

ning at the Cardiff University Brain Research Centre (CUBRIC). 

The mean age of participants was 55.8 years (SD = 8.1) with a 

range of 38–71 years. The participants, of whom 94 were female, 

had a mean of 16.6 (SD = 3.3) years of full-time education.

Cognitive assessment

The National Adult Reading Test (NART; Nelson, 1991) was 

administered to acquire a basic measure of verbal intelligence 

while the Mini Mental State Examination (MMSE; Folstein 

et al., 1975) was used to screen for cognitive impairment. 

Participants were asymptomatic (MMSE: M = 29.1, SD = 1) and 

scored at a slightly above mean levels of intelligence according 

to the NART (M = 116.7, SD = 6.6).

Immediate and delayed (30 min) verbal and visual recall was 

assessed with the Rey Auditory Verbal Learning Test (RAVLT; 

Rey, 1941) and the complex Rey figure (Schmidt, 1996). Short-

term topographical memory was measured with the Four 

Mountains Test (Chan et al., 2016). Spatial navigation was assessed 

with a virtual Morris Water Maze Task (vMWMT; Hamilton et al., 

2009) that required participants to find a hidden platform in a water 

pool. This task comprised six blocks of four trials each. The first 

block was a practise block to familiarise participants with the task. 

Blocks 2–5 were the experimental blocks where participants had to 

navigate to a hidden platform. Block 6 was a motor control condi-

tion, where participants navigated to a visible platform. Outcome 

measures for the vMWMT were mean total latencies, first move 

latencies, and total path lengths for each block. In addition, partici-

pants completed a battery of computerised assessments from the 

Cambridge Brain Sciences laboratory (www.cambridgebrain-

sciences.com; Hampshire et al., 2012; Owen et al., 2010), designed 

to be sensitive to working memory and executive function. This 

battery involved an adapted version of the Stroop test, assessments 

of digit and spatial span, intra-dimensional and extra-dimensional 

(IDED) attention set shift, deductive grammatical reasoning, as 

well as tests of spatial imagery and planning (Hampshire Trees; 

self-ordered spatial tasks) and the learning of the location of par-

ticular objects on a screen (paired-associate object-in-location 

learning (PAL)). Outcome measures for the Cambridge Brain 

Sciences tasks were response latencies and mean and maximum 

number of correct responses.

Multi-parametric MRI scanning protocol

MRI data were acquired at CUBRIC on a 3T MAGNETOM 

Prisma clinical scanner (Siemens Healthcare, Erlangen, Germany) 

utilising a 32-channel receive-only head coil. The MRI acquisi-

tion and preprocessing protocols have been published (Metzler-

Baddeley et al., 2019a, 2019b). Whole-brain High Angular 
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Resolution Diffusion Imaging (HARDI; Tuch et al., 2002) data 

were collected using a spin-echo echo-planar dual-shell sequence 

with diffusion encoded along 90 isotropically distributed direc-

tions (30 directions at b-value = 1200 s/mm2, 60 directions at 

b-value = 2300 s/mm2). An additional six non-diffusion-weighted 

scans were acquired with dynamic field correction with the fol-

lowing parameters: repetition time (TR) = 9400 ms, echo time 

(TE) = 67 ms, 80 slices, 2 mm slice thickness, field of view (FOV) 

= 256 mm × 256 mm × 160 mm, GeneRalized Autocalibrating 

Partial Parallel Acquisition (GRAPPA) acceleration factor = 2, 

acquisition time: ~15 min.

High-resolution T1-weighted anatomical images were 

acquired with a three-dimensional (3D) magnetization-prepared 

rapid gradient-echo (MP-RAGE) sequence comprising 176 

slices with the following parameters: TR = 2300 ms, 

TE = 3.06 ms, TI = 850 ms, flip angle θ = 9°, 1 mm slice thick-

ness, FOV = 256 mm, acquisition time: ~6 min.

To acquire metrics in relation to myelin, an optimised 3D 

MT-weighted gradient-recalled echo sequence (GRE; Cercignani 

and Alexander, 2006) with the following parameters was used: 

TR = 32 ms, transthoracic echocardiography (TTE) = 2.46 ms, 

Gaussian MT pulse duration t = 12.8 ms, FA = 5°, FOV = 24 cm, 

2.5 mm × 2.5 mm × 2.5 mm resolution. The off-resonance irradia-

tion frequencies (Θ) and their corresponding saturation pulse nom-

inal flip angles (ΔSAT) for the 11 MT-weighted images were 

optimised using the Cramer–Rao lower bound optimization. They 

were as follows: Θ = [1000, 1000, 2750, 2768, 2790, 2890, 1000, 

1000, 12,060, 47,180, 56,360] Hz and their corresponding ΔSAT 

values = [332°, 333°, 628°, 628°, 628°, 628°, 628°, 628°, 628°, 

628°, 332°]. The longitudinal relaxation time, T1, of the system 

was estimated by acquiring three 3D (GRE) volumes with three 

different flip angles (θ = 3°, 7°, 15°) using the same acquisition 

parameters as employed in the MT-weighted sequence (TR = 32 ms, 

TE = 2.46 ms, FOV = 24 cm, 2.5 mm × 2.5 mm × 2.5 mm resolu-

tion). Data for computing the static magnetic field (B0) were col-

lected using two 3D GRE volumes with different echo-times 

(TE = 4.92 and 7.38 ms, respectively; TR = 330 ms; FOV = 240 mm; 

slice thickness: 2.5 mm; Jezzard and Balaban, 1995).

MRI data processing and white matter 

microstructural indices

The two-shell diffusion-weighted HARDI data were split into 

b = 1200 and 2400 s/mm2 data and were separately corrected for 

artefacts due to diffusion-weighted induced gradients and head 

motion in ExploreDTI (Version 4.8.3 Leemans et al., 2009) 

using appropriate reorientation of the encoding vectors (Leemans 

and Jones, 2009). To correct for echo-planar imaging (EPI)-

induced geometrical distortions, the diffusion-weighted image 

volumes were warped to down-sampled T1-weighted images 

(1.5 mm × 1.5 mm × 1.5 mm; Irfanoglu et al., 2012). After pre-

processing, the NODDI model (Zhang et al., 2012) was fitted to 

the dual-shell HARDI data with the fast, linear model fitting 

algorithms of the Accelerated Microstructure Imaging via 

Convex Optimization (AMICO) framework (Daducci et al., 

2015) to gain the following diffusion signal components as esti-

mates of axonal microstructure: hindered diffusion (FA and 

MD), restricted diffusion (intracellular signal fraction (ICSF)), 

free water (isotropic signal fraction (ISOSF)), and axon orienta-

tion dispersion (orientation dispersion index (ODI)).

The qMT-based metrics were the macromolecular proton 

fraction (MPF) and the forward exchange rate kf (Sled, 2018) as 

well as the longitudinal relaxation rate R1 (1/T1) from T1-

relaxometry (Callaghan et al., 2015; Rooney et al., 2007). MPF 

and R1 are sensitive to the myelin content in white matter 

(Callaghan et al., 2015; Ceckler et al., 1992; Koenig, 1991; 

Levesque et al., 2010; Rooney et al., 2007; Schmierer et al., 

2007; Serres et al., 2009) while kf, an index of the rate of the 

magnetization transfer process (Sled, 2018), has been proposed 

to reflect metabolic efficiency of mitochondrial function 

(Giulietti et al., 2012) and has been shown to be sensitive to neu-

roinflammation (Harrison et al., 2015).

MPF, kf, and R1-maps were obtained by first co-registering 

each participant’s MT-weighted GRE volumes to the MT-volume 

with the most contrast using a rigid body (6 degrees of freedom) 

registration using Elastix (Klein et al., 2020) to correct for inter-

scan motion. To obtain these maps, the 11 MT-Weighted GRE 

images and T1-maps were then modelled by Ramani’s two pool 

pulsed MT approximation (Ramani et al., 2002). To remove vox-

els where apparent data appeared solely due to noise, FMRIB’s 

fslmaths programme was used to threshold MPF maps to an 

upper intensity limit of 0.3 and kf maps to an upper limit of 3.

Finally, all whole-brain microstructural metric maps were 

spatially aligned to the down-sampled reference image of the T1-

weighted anatomical volume in within-subject space using linear 

affine registration with 12 degrees of freedom in FMRIB’s Linear 

Image Registration Tool (FLIRT).

Tractography

The RESDORE algorithm (Parker, 2014) identified outliers 

within the HARDI data. Following this, whole brain tractography 

was completed using in-house software (Parker, 2014) for each 

subject on the 60 direction b = 2400 s/mm2 HARDI data using the 

damped Richardson–Lucy (dRL) algorithm (Dell’acqua et al., 

2010). For tract reconstruction, peaks in dRL fiber orientation 

density function (fODF) were estimated for each voxel. By this 

method, the proportion of fibers in each voxel at that point in 

each direction is estimated, providing information about complex 

fiber configurations. The dRL algorithm interpolated local fODF 

estimates and, from these data, tracking was carried out from 

seed points located at the vertices of a 2 mm × 2 mm × 2 mm grid. 

Streamlines were propagated from each seed point and tracking 

continued along the peak fODF with steps of 0.5 mm. Tracking 

continued until peak values fell below a threshold of 0.05 or the 

angle of the tract exceeded an angle of 45°. Streamlines with 

lengths over 500 mm or below 10 mm were excluded.

Fornix

Fiber tracts were manually reconstructed using ExploreDTI ver-

sion 4.8.3 (Leemans et al., 2009). A 3D reconstruction of the 

whole fornix was completed using the waypoint region of inter-

est (ROI) protocol outlined by Christiansen et al. (2016). This 

involved the placement of ‘AND’, ‘OR’ and ‘NOT’ gates, accord-

ing to Boolean logic, to isolate fibers of interest from whole brain 

tractography data. Guided by a series of anatomical landmarks, 

ROIs were manually drawn on native space color-coded FA maps 

(Pajevic and Pierpaoli, 1999) by operators blind to participants’ 

identity.
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The fornix was reconstructed by placing an OR gate encom-

passing the entire fornix on a coronal slice six slices posterior to 

the slice containing the anterior commissure (see Figure 1). 

Captured fibers that were not consistent with the known path of 

the fornix were excluded from the reconstruction by the place-

ment of a series of NOT gates located: on a coronal slice imme-

diately anterior to the genu of the corpus callosum, on the axial 

slice immediately superior to the body of the corpus callosum, on 

a coronal slice immediately posterior to the splenium of the cor-

pus callosum, on an axial slice at the upper limit of the pons, and 

on sagittal slices on either side of the fornix capturing the fibers 

of the anterior commissure.

Precommissural and postcommissural fornix

To distinguish the precommissural fornix, the gates used to cap-

ture the whole fornix were utilised but with the addition of an 

AND gate placed on an axial slice anterior to the anterior commis-

sure and a NOT gate placed on the same slice but posterior to the 

anterior commissure (see Figure 1). The same gates were utilised 

for the postcommissural fornix but with the placement of the addi-

tional AND and NOT gates reversed to capture those fibers run-

ning posterior to the anterior commissure. Only fibers up to the 

crus of the fornix were included in precommissural and postcom-

missural reconstructions in order to minimise overlap between the 

two fiber populations and to avoid fiber ‘jumping’. For this pur-

pose, the ‘splitter’ tool within ExploreDTI 4.8.3 was utilised to 

extract only those fibers in each subdivision located anterior to the 

OR gate. Aside from minor modifications, this method followed 

that previously used to distinguish these fornix subdivisions 

(Christiansen et al., 2016). It was anticipated that the postcommis-

sural subdivision would principally reflect the hippocampal–

hypothalamic fibers in this pathway (Christiansen et al., 2016).

For each participant, the reconstructed fiber paths of the for-

nix and its precommissural and postcommissural subdivisions 

were used as masks and intersected with the whole brain maps of 

the eight microstructural metrics (FA, MD, ICSF, ISOSF, ODI, 

MPF, R1, kf) to extract mean tract scores.

Statistical analysis

Statistical analyses were carried out in SPSS version 23 (IBM 

Corp, 2011). Before analyses were completed, cognitive scores 

and all microstructural metrics for each tract were inspected for 

outliers, defined as values lying beyond three standard devia-

tions from the mean score. Outliers were removed from subse-

quent analyses.

The values for each of the metrics for the precommissural and 

the postcommissural fornix were compared. As the metrics were 

normally distributed, Pearson’s correlations were run in conjunc-

tion with paired-samples t-tests to determine both the extent to 

which values were correlated as well as the likelihood that values 

differed between the two tract subdivisions. Analyses then exam-

ined the relationship between the metrics for each tract and par-

ticipants’ age to determine whether differential age effects were 

present across the two subdivisions. For all sets of tests, multiple 

comparisons were corrected with a false discovery rate (FDR) of 

5% using the Benjamini–Hochberg procedure (Benjamini and 

Hochberg, 1995) and analyses showing potential differences 

between tracts were followed up with post hoc comparisons of 

correlation coefficients using directional Steiger Z-tests (Steiger, 

1980; see also Lee and Preacher, 2013).

As three experimenters were involved in completing the man-

ual tractography, intraclass correlation coefficients (ICCs) and 

their 95% confidence intervals were calculated to assess the reli-

ability of metrics extracted for the tracts of interest. A two-way-

mixed-effects model was used to calculate absolute agreement 

across raters. Single measure values are reported comparing met-

rics extracted from tractography performed by one experimenter 

(B.M.C.) with those extracted from tracts reconstructed by one of 

Figure 1. Example region of interest placements for tract extraction. (a) A depicts the whole fornix reconstruction, (b) depicts the precommissural 

fornix, and (c) depicts the postcommissural fornix. The location of the anterior commissure is indicated by the pink square in (b) and (c).
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the other two experimenters (E.C., R.L.). There are currently no 

standardised interpretations for ICC values. Following the rec-

ommendations by Koo and Li (2016), we interpreted ICC values 

below 0.5 as poor, 0.5–0.75 as moderate, 0.75–0.9 as good, and 

above 0.9 as excellent.

For the cognitive data, exploratory factor analyses (EFAs) 

with unweighted least squares and orthogonal varimax rotation 

with a maximum of 5000 iterations for conversion were applied 

to the scores from all cognitive tests. This procedure sought to 

extract concise, meaningful dimensions from the large array of 

cognitive data with which to compare the precommissural and 

postcommissural pathways. Only variables with communali-

ties of >0.4 were included in the final EFA (Osborne et al., 

2008). After inspection of Cattell’s scree plot (Cattell, 1966), 

factors with an eigenvalue exceeding 2 were extracted and fac-

tor loadings exceeding 0.5 were considered for the interpreta-

tion of the factors.

The resulting cognitive factors were then entered as depend-

ent variables into linear hierarchical regression models, which 

first tested for the effects of age, sex, and years of education and 

second for the effects of all microstructural indices in the whole 

fornix, the precommissural fornix, and postcommissural fornix in 

a stepwise fashion.

Of the 166 participants who completed cognitive assessment 

and MRI, data from 17 individuals were excluded. For 11 of 

these individuals, it was not possible to reliably reconstruct the 

fornix. Further to this, six individuals were excluded as the for-

nix was reconstructed but it was not possible to isolate one or 

both tract subdivisions. Subsequent comparisons showed that 

the 17 excluded participants were, on average, older than those 

retained (t(164) = –3.948, p = < 0.001), but did not differ with 

regard to years of education (p = 0.3), sex (p = 0.4), MMSE 

(p = 0.8), or NART-IQ (p = 0.55). For the remaining sample of 

149 individuals, there were no significant differences in age 

(p = 0.85), years of education (p = 0.95), or NART (p = 0.95) 

between males and females. However, men performed slightly 

poorer on the MMSE [t(147) = 2.5, p = 0.014]. 

Results

Relationship between age and 

microstructural metrics of the whole fornix

For the fornix as a whole, seven outlying (3 + SD from mean) 

microstructural scores were identified. Two of these were 

obtained from a single participant. These outlying data points 

were excluded from further analysis, although non-outlying val-

ues from the same participants were retained. Significant correla-

tions were observed between age and all metrics of interest, apart 

from ICSF (see Table 1).

Fornix subdivisions

For the fornix subdivisions, nine individuals had at least one met-

ric defined as an outlier. Six of these cases had more than one 

outlier. All outlying data points were excluded from further anal-

ysis, although non-outlying values from the same participant 

were retained.

Initial comparisons showed that for all measures, the metric 

values for the precommissural and postcommissural fornix were 

significantly correlated with each other (Figure 2). At the same 

time, all the actual metric values for the precommissural and 

postcommissural fornix differed significantly from each other 

(Figure 2).

ICCs for microstructural metrics of 

precommissural and postcommissural 

fornices

Overall, the reliability of the metrics across the raters was good. 

For all tracts, greater agreement was seen for the postcommis-

sural fornix than for the precommissural fornix (see Table 2) 

reflecting greater tractography consistency across raters for the 

postcommissural than the precommissural fornix. The ICCs 

across both tracts were particularly good for MPF, kf, R1, ICSF, 

and ODI, some of which could be considered excellent in the 

postcommissural fornix. The ICC for ISOSF in the postcommis-

sural fornix was also good but in the precommissural fornix only 

moderate. However, poor agreement was observed for FA in both 

tracts and for MD in the precommissural fornix. Thus, while 

most metrics may be considered reliable, caution should be 

applied to the interpretation of FA and MD.

Relationship between age and 

microstructural metrics of precommissural 

and postcommissural fornices

There were significant positive correlations between age and MD 

or ISOSF and significant negative correlations between age and 

MPF or R1 in both precommissural and postcommissural for-

nices, and these correlations did not differ between the pathways 

(Figure 3). An age-related reduction was also observed for kf in 

the postcommissural fornix.

No significant associations were observed between age and 

FA or ODI for either the precommissural or the postcommissural 

fornix (Figure 2), despite both indices being associated with age 

when the whole fornix was considered (Table 1). Finally, as with 

the whole fornix, neither pathway showed an age-related correla-

tion with ICSF.

Table 1. Pearson’s correlation coefficients (r) for the relationship 

between age and microstructural metrics of interest from 

reconstructions of the whole fornix.

Metric r pB-Hadj

FA –0.46 <0.000001

MD 0.30 0.00023

ICSF –0.02 0.817

ISOSF 0.36 0.00001

ODI 0.23 0.006

MPF –0.46 <0.000001

R1 –0.41 <0.000001

kf –0.40 <0.000001

FA: fractional anisotropy; MD: mean diffusivity; ICSF: intracellular signal 

fraction; ISOSF: isotropic signal fraction; ODI: orientation dispersion index; MPF: 

macromolecular proton fraction; pB-Hadj: Benjamini–Hochberg adjusted p-values; 

FDR: false discovery rate.

5% FDR corrected correlations are highlighted in italics.
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Relationship between white matter metrics 

and cognitive performance

After exclusion of variables with communalities of <0.4 (Stroop, 

Hampshire Tree, Recall of List B in RAVLT, Four Mountains 

Test, copying of Rey figure, intra-dimensional shift, and reversal 

for one dimension), and only including factors with an eigenvalue 

of >2, EFA led to seven factors, explaining together 49% of the 

variance in the cognitive data (Table 3). The first factor captured 

‘Verbal Recall’ with high loadings on the RAVLT. The second fac-

tor captured elements of ‘Motor speed and planning’ with high 

loadings on first move latencies in the hidden platform and motor 

control blocks as well as total latencies in the motor control condi-

tion of the vMWMT. A third factor captured ‘Spatial Navigation’ 

with high loadings on path length and total latencies in the hidden 

platform conditions of the vMWMT. The fourth factor captured 

‘Attention Set’ with high loadings on the intra-dimensional com-

ponents of the IDED task. The fifth factor captured ‘Visuospatial 

Memory’ with loadings on spatial span and immediate and 

delayed recall of the Rey Figure. The sixth ‘Working Memory’ 

factor loaded highly on digit span and spatial search, and the sev-

enth ‘Paired Associate Learning’ factor on the object-location 

PAL task.

Hierarchical regression analyses

To assess which microstructural indices accounted for differ-

ences in the cognitive components, hierarchical regression 

analyses were carried out that first accounted for the effects of 

age, sex, and education before testing for the effects of all 

microstructural indices in a stepwise fashion. For the Verbal 

Recall factor, 13% of the data (F(3, 98) = 4.9, p = 0.003) were 

Figure 2. Correlations (r) between microstructural indices in the precommissural and the postcommissural fornix and between-tract comparisons for 

each microstructural index. 
FA: fractional anisotropy; MD: mean diffusivity; ICSF: intracellular signal fraction; ISOSF: isotropic signal fraction; ODI: orientation dispersion index; MPF: macromolecular 

proton fraction.

*pB-Hadj < 0.001; **pB-Hadj < 0.000001.

Table 2. Interclass correlation coefficients and their 95% confidence 

intervals for precommissural and postcommissural fornix.

Precommissural fornix 

(95% CI)

Postcommissural fornix 

(95% CI)

FA 0.20 (–0.25–0.58) 0.12 (–0.31–0.51)

MD 0.42 (–0.02–0.73) 0.71 (0.40–0.88)

ICSF 0.75 (0.47–0.89) 0.83 (0.63–0.93)

ISOSF 0.58 (0.19–0.81) 0.76 (0.49–0.90)

ODI 0.78 (0.54–0.91) 0.90 (0.76–0.96)

MPF 0.73 (0.43–0.88) 0.96 (0.90–0.98)

R1 0.85 (0.67–0.94) 0.97 (0.91–0.99)

kf 0.76 (0.49–0.90) 0.86 (0.68–0.94)

CI: confidence interval; FA: fractional anisotropy; MD: mean diffusivity; ICSF: 

intracellular signal fraction; ISOSF: isotropic signal fraction; ODI: orientation 

dispersion index; MPF: macromolecular proton fraction.
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explained by the first model with a significant contribution 

from sex (beta = 0.36, pB-Hadj < 0.001). For the Motor Speed 

and Planning factor, 18% of the data (F(3, 98) = 7.1, p < 0.001) 

were accounted for by the first model alone with age as signifi-

cant predictor (beta = 0.41, pB-Hadj < 0.001). Adding the micro-

structural indices did not improve the fit of the regression 

models for either factors.

For the Visuospatial Memory factor, the first model explained 

8% of the data (F(3, 98) = 2.8, p = 0.045) with a contribution from 

age (beta = –0.26, p = 0.01). Adding the microstructural indices 

increased the model fit significantly (ΔR2 = 0.04, F(1, 97) = 4.9, 

p = 0.03). The final model accounted for 12% of the data (F(4, 

97) = 3.4, p = 0.012) with contributions from precommissural for-

nix ISOSF (beta = –0.22, p = 0.03) and age (beta = –0.24, p = 0.019). 

However, these variables did not survive 5% FDR correction.

For the Paired Associate Learning factor, the first model was 

non-significant (p = 0.55). Adding the microstructural compo-

nents, increased the fit of the model (ΔR2 = 0.04, F(1, 96) = 4.4, 

p = 0.038). The final model explained 11% of the data (F(5, 

96) = 2.4, p = 0.042) with a significant contribution from post-

commissural ODI (beta = –0.29, pB-Hadj = 0.02) and a trend for 

postcommissural ISOSF (beta = 0.23, p = 0.038, pB-Hadj = 0.09).

There were no significant results for the regression models for 

the Spatial Navigation (p = 0.06), Attention Set (first model 

p = 0.37, second model p = 0.13), and Working Memory factors 

(first model p = 0.28, second model p = 0.07).

Discussion

The fornix and its major subdivisions were studied in a healthy 

aging cohort and it proved possible to distinguish the precommis-

sural from the postcommissural fornix (see also Chen et al., 

2015; Christiansen et al., 2016; Yeo et al., 2013). Only for a small 

minority of participants (~10%), the subdivisions could not be 

reconstructed, a problem most apparent in older participants. A 

central goal was to go beyond conventional DTI indices as they 

are difficult to interpret in terms of biological tissue properties 

(Beaulieu and Allen, 1994; De Santis et al., 2014). Instead, we 

studied the white matter microstructure of the fornical subdivi-

sions with multi-parametric indices from multi-component diffu-

sion, and more myelin-sensitive indices from qMT and 

T1-relaxometry. These indices were found to have better repro-

ducibility than conventional FA and MD (Table 2; see also Koller 

et al., 2019).

Whole fornix

Consistent with, but also extending previous studies, the fornix 

displayed age-associated changes for almost all of the metrics, 

with FA showing particularly strong effects (see also Chen et al., 

2015; Gazes et al., 2019; Ly et al., 2016; Sala et al., 2012). The 

sole exception was the ICSF, an estimate of intracellular restricted 

diffusion that may give a proxy measure of axon density assumed 

Figure 3. Correlations (r) between metrics of interest and age, as well as a comparison of correlation coefficients across precommissural and 

postcommissural fornix (z). 
FA: fractional anisotropy; MD: mean diffusivity; ICSF: intracellular signal fraction; ISOSF: isotropic signal fraction; ODI: orientation dispersion index; MPF: macromolecular 

proton fraction.
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to vary with the number and the size of axons (Assaf et al., 2004; 

Zhang et al., 2012). In a related CARDS cohort study (Metzler-

Baddeley et al., 2019) that used automatic, rather than manual, 

reconstructions of the fornix, aging was again associated with 

fornix differences in all NODDI and qMT metrics except for 

ICSF. These close similarities, alongside the results from other 

studies (Chen et al., 2015; Gazes et al., 2019; Sala et al., 2012), 

highlight the robustness of aging upon the large majority of 

measures of whole fornix microstructure.

Some of the strongest age-related effects came from measures 

known to be sensitive to myelin in white matter (MPF, R1, kf). This 

pattern accords with a post-mortem study of rhesus monkeys, which 

found an age-related loss of myelinated axons and an increase in 

altered myelin sheaths, but preservation of unmyelinated fibers 

Table 3. Rotated factor matrix of the exploratory factor analysis within the cognitive data (rotation methods: Varimax with Kaiser normalisation).

Cognitive scores Verbal recall Motor speed 

and planning

Spatial 

navigation

Attention 

set

Visuospatial 

memory

Working 

memory

Paired associate 

learning

Rey Auditory Verbal Learning Test

 List A first IR 0.73  

 List A second IR 0.87  

 List A third IR 0.83  

 List A fourth IR 0.81  

 List A fifth IR 0.73  

 List A sixth IR 0.83  

 List A DR 0.84  

Virtual Morris Water Maze Task

 FM Block2 0.70  

 FM Block3 0.66  

 FM Block4 0.63  

 FM Block5 0.61  

 FM Block6 0.69  

 TL Block2 0.56  

 TL Block5 0.54  

 TL Block6 0.72  

 PL Block2 0.64  

 PL Block3 0.51  

 PL Block4 0.56  

 PL Block5 0.67  

Rey complex figure

 IR 0.56  

 DR 0.63  

Spatial span

 Maximum 0.66  

 Mean 0.66  

Intra-dimensional and extra-dimensional attention shift

 ID two dimensions 0.57  

 ID overlapping features 0.63  

 ID reversal 0.61  

 ID shift 0.52  

 Total duration 0.82  

Digit span

 Maximum 0.74  

 Mean 0.73  

Spatial search

 Maximum 0.53  

 Mean 0.50  

Paired associate learning

 Maximum 0.90

 Mean 0.95

DR: delayed recall; ED: extra-dimensional; FM: first move latencies; ID: intra-dimensional; IR: immediate recall; PL: path length; RT: reaction time; TL: total latency.

Loadings of >0.5 are displayed.
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(Peters et al., 2010). The present findings also build on other  

imaging analyses, which indicate that fornix maturation peaks in late 

adolescence (Douet and Chang, 2015) with subsequent volume 

reductions in healthy aging (e.g. Amaral et al., 2018; Douet and 

Chang, 2015) that partly reflect a loss of myelinated fibers. The 

overall conclusion from present and previous research is that myeli-

nated fornix fibers are particularly sensitive to aging. There was, 

however, no apparent age-related effect on fornix ICSF (see also 

Metzler-Baddeley et al., 2019), suggestive of a preservation of 

apparent axon density.

Precommissural versus postcommissural fornix. While the 

precommissural reconstructions should contain septal fibers 

alongside hippocampal projections to the ventral striatum, basal 

forebrain, medial and orbital frontal cortices, the postcommis-

sural reconstructions should principally contain projections to the 

hypothalamus, including the mammillary bodies (Christiansen 

et al., 2016). Despite the many hippocampal–thalamic fibers in 

the postcommissural fornix, it was presumed that they would 

comprise far less of the reconstructions given their diffuse, short 

trajectories on reaching the diencephalon (Mathiasen et al., 

2019). It is also presumed that the fibers in the two fornix subdi-

visions originate from overlapping parts of the hippocampal for-

mation (Aggleton, 2012), only fully separating as the body of the 

fornix approaches the columns.

All eight diffusion indices derived in this study were highly 

inter-correlated between the two tract subdivisions (Figure 2). 

This is consistent with previous observations of intra-individual 

correlations between microstructural metrics across white matter 

tracts (Penke et al., 2010). However, despite the many correla-

tions, the absolute values of all diffusion metrics differed between 

the two fornix subdivisions (Figure 2). The NODDI and qMT 

metrics in this study suggest that the precommissural fibers may 

perhaps be smaller (ICSF) and have lower myelin-related proper-

ties (MPF, kf, R1) and, hence, a higher free water component 

(ISOSF) than postcommissural fibers. Precommissural fibers 

also showed higher axon orientation dispersion (ODI). This pat-

tern of differences may partly reflect how axons in the precom-

missural fornix disperse in order to reach their multiple targets 

while those in the descending postcommissural fornix remain 

largely compact until reaching the posterior hypothalamus 

(Mathiasen et al., 2019; Poletti and Creswell, 1977). Nevertheless, 

FA was higher, and MD lower, in the precommissural relative to 

the postcommissural fornix, despite a previous report of higher 

FA in the postcommissural than precommissural fornix (Yeo 

et al., 2013). This apparent inconsistency may arise from the use 

of different seed ROIs, most notably for the postcommissural for-

nix, allied to its greater curvature and how that part of the fornix 

passes through many diffuse pathways in the rostral hypothala-

mus. However, given the poor reproducibility of FA and MD in 

both tracts, these results should be interpreted with caution and 

may not accurately reflect the microstructural differences 

between precommissural and postcommissural fornices.

Similarly, despite age being strongly correlated with whole for-

nix FA, this same correlation was not significant for either the pre-

commissural or postcommissural fornix. This was likely due to the 

poor reproducibility of FA in both tracts. Another interpretation is 

that age-related changes in fornix FA are more strongly driven by 

alterations to the body of the fornix. Consistent with this sugges-

tion, age correlations in FA, RD, and AD were found to be limited 

to the caudal body and left crus of the fornix (Chen et al., 2015). 

Likewise, Christiansen et al. (2016) failed to find a significant age 

relationship between FA and the anterior body of the fornix, which 

included the columns. Meanwhile, in a study including even older 

participants (Jang et al., 2011), decreasing FA with age was found 

in the body, crus, and columns of the fornix, suggesting that all 

parts of the tract can contribute. Taken together, the implication is 

that whole fornix provides the most consistent target for associat-

ing age with FA, when using sufficient age ranges.

Christiansen et al. (2016) previously reported age correla-

tions with RD, MD, and AD in the postcommissural but only 

trends in the precommissural fornix. Here, with appreciably 

larger sample size, we found evidence for age-related increases 

in MD and ISOSF and reductions in MPF and R1 for both 

tracts. Age-related reductions in kf were only observed for the 

postcommissural fornix, and no age correlations were present 

for ICSF or ODI. Consistent with the findings for the whole 

fornix, this pattern suggests that age-related reductions in 

apparent axon myelin rather than in apparent axon density or 

orientation may underpin age-related tissue loss in both sub-

components of the fornix.

The final goal was to consider cognitive functions. Based on 

connectivity, the postcommissural fornix might be expected to be 

the more strongly associated with changes in long-term memory as 

it contains projections from the hippocampus to interlinked struc-

tures (the mammillary bodies and anterior thalamic nuclei) repeat-

edly implicated in human diencephalic amnesia and spatial memory 

in rodents (Aggleton and Brown, 1999; Carlesimo et al., 2011; 

Harding et al., 2000; Vann and Nelson, 2015). Additional evidence 

comes from correlations between mammillary body volume and 

performance on tests of recall (Tsivilis et al., 2008; Vann et al., 

2009). Meanwhile, the precommissural fornix provides the direct 

route from the hippocampus to the prefrontal cortex (Aggleton 

et al., 2015), suggesting an involvement in executive or control pro-

cesses (Miller and Cohen, 2001). The basal forebrain–hippocampal 

connections carried by the precommissural fornix contribute to hip-

pocampal theta and acetylcholine and may therefore be  linked to 

attention and spatial flexibility (Baxter and Chiba, 1999).

Consistent with its hippocampal–diencephalic connec-

tions, the postcommissural fornix was associated with the 

Paired Association Learning factor. A parallel can be seen 

with evidence that object-in-place learning by monkeys is 

dependent on the integrity of the fornix and mammillary bod-

ies (Gaffan, 1994; Parker and Gaffan, 1997), that is, the post-

commissural fornix. However, as spatial learning relies on a 

network of medial temporal lobe brain regions including the 

hippocampus (Burgess et al., 2002), it is not surprising that 

postcommissural fornix contributions did not completely 

explain all of the variation in the PAL data, nor was it associ-

ated with other spatial cognitive factors.

Variations in Verbal Memory performance was best predicted 

by sex (with women performing better in the RAVLT than men, 

see Metzler-Baddeley et al., 2019a) and variation in motor speed 

and planning by age. There was a trend for precommissural 

microstructure to predict variation in Visuospatial Memory, with 

high loadings on spatial span and the free recall of the Rey figure. 

While this result was not significant after FDR correction, pre-

commissural fornix contributions to strategic aspects of visuos-

patial recall would be consistent with its connectivity to prefrontal 

cortex regions (Eichenbaum, 2017).
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In summary, these findings suggest that the postcommissural 

fornix is involved in aspects of visual spatial learning, a result 

that accords with the diencephalic regions innervated by this for-

nix subdivision. Nevertheless, there is evidence that in the 

absence of this postcommissural pathway, other networks can 

compensate (Vann et al., 2011). Indeed, the lack of clear fornix 

subdivision dissociations could indicate that both tracts may 

contribute, albeit in different ways, to common cognitive tasks.

Acknowledgements

The authors would like to thank Derek A. Hamilton for providing the 

virtual Morris Water Maze Task, Tom Hartley for providing the Four 

Mountains Test, and Adam Hampshire for providing the Cambridge 

Brain Sciences Tests.

Author contributions

Conceptualisation: C.M.-B., J.P.A., S.D.V.; formal analysis: B.M.C., 

C.M.-B.; funding acquisition: C.M.-B., S.D.V.; investigation: B.M.C, 

E.C., R.L.; methodology: C.M.-B., J.P.A., S.D.V.; writing of original MS: 

B.M.C.; writing, reviewing, and editing: C.M.-B., J.P.A., S.D.V.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to 

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the 

research, authorship, and/or publication of this article: This research was 

funded by a Research Fellowship awarded to C.M.-B. from the 

Alzheimer’s Society UK and the BRACE Alzheimer’s charity (grant ref. 

208). Contributions by B.M.C. and S.D.V. were supported by a Wellcome 

Trust Senior Research Fellowship awarded to S.D.V. (WT 

212273/Z/18/Z). E.C. was supported by a School of Psychology, Cardiff 

University PhD studentship and R.L. by a British Psychological Society 

research assistantship.

ORCID iD

Claudia Metzler-Baddeley  https://orcid.org/0000-0002-8646-1144

References 

Aggleton JP (2012) Multiple anatomical systems embedded within the 

primate medial temporal lobe: Implications for hippocampal function. 

Neuroscience & Biobehavioral Reviews 36(7): 1579–1596.

Aggleton JP and Brown MW (1999) Episodic memory, amnesia, and the 

hippocampal–anterior thalamic axis. Behavioral and Brain Sciences 

22(3): 425–444.

Aggleton JP, Wright NF, Rosene DL, et al. (2015) Complementary pat-

terns of direct amygdala and hippocampal projections to the macaque 

prefrontal cortex. Cerebral Cortex 25(11): 4351–4373.

Amaral RS, Park MTM, Devenyi GA, et al. (2018) Manual segmentation 

of the fornix, fimbria, and alveus on high-resolution 3T MRI: Appli-

cation via fully-automated mapping of the human memory circuit 

white and grey matter in healthy and pathological aging. NeuroIm-

age 170: 132–150.

Assaf Y, Freidlin RZ, Rohde GK, et al. (2004) New modeling and experi-

mental framework to characterize hindered and restricted water dif-

fusion in brain white matter. Magnetic Resonance in Medicine 52(5): 

965–978.

Baxter M and Chiba AA (1999) Cognitive functions of the basal fore-

brain. Current Opinion in Neurobiology 9(2): 178–183.

Beaulieu C and Allen PS (1994) Water diffusion in the giant axon of the 

squid: Implications for diffusion-weighted MRI of the nervous sys-

tem. Magnetic Resonance in Medicine 32(5): 579–583.

Begega A, Cuesta M, Santin LJ, et al. (1999) Unbiased estimation of the 

total number of nervous cells and volume of medial mammillary 

nucleus in humans. Experimental Gerontology 34(6): 771–782.

Benjamini Y and Hochberg Y (1995) Controlling the false discovery rate: 

A practical and powerful approach to multiple testing. Journal of the 

Royal Statistical Society, B 57(1): 289–300.

Bubb EJ, Kinnavane L and Aggleton JP (2017) Hippocampal–dien-

cephalic–cingulate networks for memory and emotion: An ana-

tomical guide. Brain and Neuroscience Advances 1(1): 1–20. doi.

org/10.1177/2398212817723443

Burgess N, Maguire EA and O’Keefe O (2002) The human hippocampus 

and spatial and episodic memory. Neuron 35(4): 625–641.

Callaghan MF, Helms G, Lutti A, et al. (2015) A general linear relaxom-

etry model of R1 using imaging data. Magnetic Resonance in Medi-

cine 73(3): 1309–1314.

Carlesimo GA, Lombardi MG and Caltagirone C (2011) Vascular tha-

lamic amnesia: A reappraisal. Neuropsychologia 49(5): 777–789.

Cattell RB (1966) The scree test for the number of factors. Multivariate 

Behavioral Research 1(2): 629–637.

Ceckler TL, Wolff SD, Yip V, et al. (1992) Dynamic and chemical fac-

tors affecting water proton relaxation by macromolecules. Journal of 

Magnetic Resonance 98(3): 637–645.

Cercignani M and Alexander DC (2006) Optimal acquisition schemes 

for in vivo quantitative magnetization transfer MRI. Magnetic Reso-

nance in Medicine 56(4): 803–810.

Chan D, Gallaher LM, Moodley K, et al. (2016) The 4 mountains test: A 

short test of spatial memory with high sensitivity for the diagnosis 

of pre-dementia Alzheimer’s disease. Journal of Visualized Experi-

ments 116: e54454.

Chen DQ, Strauss I, Hayes DJ, et al. (2015) Age-related changes in diffu-

sion tensor imaging metrics of fornix subregions in healthy humans. 

Stereotactic and Functional Neurosurgery 93(3): 151–159.

Christiansen K, Aggleton JP, Parker GD, et al. (2016) The status of the 

precommissural and postcommisural fornix in normal ageing and 

mild cognitive impairment: An MRI tractography study. NeuroIm-

age 130: 35–47.

Daducci A, Canales-Rodríguez EJ, Zhang H, et al. (2015) Accelerated 

microstructure imaging via convex optimization (AMICO) from dif-

fusion MRI data. NeuroImage 105: 32–44.

De Santis S, Drakesmith M, Bells S, et al. (2014) Why diffusion ten-

sor MRI does well only some of the time: Variance and covariance 

of white matter tissue microstructure attributes in the living human 

brain. NeuroImage 89: 35–44.

Dell’acqua F, Scifo P, Rizzo G, et al. (2010) A modified damped Rich-

ardson-Lucy algorithm to reduce isotropic background effects in 

spherical deconvolution. NeuroImage 49(2): 1446–1458.

Dillingham CM, Erichsen JT, O’Mara SM, et al. (2015) Fornical and 

non-fornical projections from the rat hippocampal formation to the 

anterior thalamic nuclei. Hippocampus 25(9): 977–992.

Douet V and Chang L (2015) Fornix as an imaging marker for episodic 

memory deficits in healthy aging and in various neurological disor-

ders. Frontiers in Aging Neuroscience 6: 343.

Eichenbaum H (2017) The role of the hippocampus in navigation is 

memory. Journal of Neurophysiology 117(4): 1785–1796.

Erickson CA and Barnes CA (2003) The neurobiology of memory 

changes in normal aging. Experimental Gerontology 38(1–2): 

61–69.

Folstein M, Folstein S and McHugh P (1975) ‘Mini-mental state’. A 

practical method for grading the cognitive state of patients for the 

clinician. Journal of Psychiatric Research 12(3): 189–198.

Gaffan D (1994) Scene-specific memory for objects: A model of episodic 

memory impairment in monkeys with fornix transection. Journal of 

Cognitive Neuroscience 6(4): 305–320.



Coad et al. 11

Gazes Y, Li P, Sun E, et al. (2019) Age specificity in fornix-to-

hippocampus association. Brain Imaging and Behavior 13(5): 

1444–1452.

Giulietti G, Bozzali M, Figura V, et al. (2012) Quantitative magne-

tization transfer provides information complementary to grey 

matter atrophy in Alzheimer’s disease brains. NeuroImage 59(2): 

1114–1122.

Hamilton DA, Johnson TE, Redhead ES, et al. (2009) Control of rodent 

and human spatial navigation by room and apparatus cues. Behav-

ioral Processes 81(2): 154–169.

Hampshire A, Highfield RR, Parkin BL, et al. (2012) Fractionating 

human intelligence. Neuron 76(6): 1225–1237.

Harding A, Halliday G, Caine D, et al. (2000) Degeneration of anterior 

thalamic nuclei differentiates alcoholics with amnesia. Brain 123(1): 

141–154.

Harrison NA, Cooper E, Dowell NG, et al. (2015) Quantitative magneti-

zation transfer imaging as a biomarker for effects of systemic inflam-

mation on the brain. Biology and Psychiatry 78(1): 49–57.

IBM Corp (2011) IBM SPSS Statistics, Version 20.0. Armonk, NY: IBM 

Corp.

Irfanoglu MO, Walker L, Sarlls J, et al. (2012) Effects of image distor-

tions originating from susceptibility variations and concomitant 

fields on diffusion MRI tractography results. NeuroImage 61(1): 

275–288.

Jang SH, Cho SH and Chang MC (2011) Age-related degeneration of the 

fornix in the human brain: A diffusion tensor imaging study. Inter-

national Journal of Neuroscience 121(2): 94–100.

Jezzard P and Balaban RS (1995) Correction for geometric distortion in 

echo planar images from B0 field variations. Magnetic Resonance in 

Medicine 34(1): 65–73.

Jones DK (2010) Precision and accuracy in diffusion tensor magnetic 

resonance imaging. Topics in Magnetic Resonance Imaging 21(2): 

87–99.

Jones DK and Leemans A (2011) Diffusion tensor imaging. In: M Modo 

and JWM Bulte (eds) Magnetic Resonance Neuroimaging. Totowa, 

NJ: Humana Press, pp. 127–144.

Klein S, Staring M, Murphy K, et al. (2020) Elastix: A toolbox for inten-

sity-based medical image registration. IEEE Transactions on Medi-

cal Imaging 29(1): 196–205.

Koenig SH (1991) Cholesterol of myelin is the determinant of gray-white 

contrast in MRI of brain. Magnetic Resonance in Medicine 20(2): 

285–291.

Koller K, Rudrapatna SU, Chamberland M, et al. (2019) Powering up 

microstructural imaging: Assessing cross-metric and cross-tract sta-

tistical power on an ultra-strong gradient MRI system. Proceedings 

of the International Society for Magnetic Resonance in Medicine 

27: 3577.

Koo TK and Li MY (2016) A guideline of selecting and reporting intra-

class correlation coefficients for reliability research. Journal of Chi-

ropractic Medicine 15(2): 155–163.

Lee IA and Preacher KJ (2013) Calculation for the test of the difference 

between two dependent correlations with one variable in common 

(Computer software). Available at: http://quantpsy.org

Lemaitre H, Goldman AL, Sambataro F, et al. (2012) Normal age-related 

brain morphometric changes: Nonuniformity across cortical thick-

ness, surface area and gray matter volume? Neurobiology of Aging 

33(3): 617.e1–617.e9.

Leemans A and Jones DK (2009) The B-matrix must be rotated when 

correcting for subject motion in DTI data. Magnetic Resonance in 

Medicine 61(6): 1336–1349.

Leemans A, Jeurissen B, Sijbers J, et al. (2009) ExploreDTI: A graphical 

toolbox for processing, analyzing, and visualizing diffusion MR data. 

In: Proceedings of the 17th Scientific Meeting, International Society for 

Magnetic Resonance in Medicine, Honolulu, USA, p. 3537. 

Levesque IR, Giacomini PS, Narayanan S, et al. (2010) Quantitative 

magnetization transfer and myelin water imaging of the evolution 

of acute multiple sclerosis lesions. Magnetic Resonance in Medicine 

63(3): 633–640.

Ly M, Adluru N, Destiche DJ, et al. (2016) Fornix microstructure and 

memory performance is associated with altered neural connectivity 

during episodic recognition. Journal of the International Neuropsy-

chological Society 22(2): 191–204.

McGeer PL, McGeer EG, Suzuki J, et al. (1984) Aging, Alzheimer’s dis-

ease, and the cholinergic system of the basal forebrain. Neurology 

34(6): 741–745.

Mathiasen ML, Louch RC, Nelson AD, et al. (2019) Trajectory of hippo-

campal fibers to the contralateral anterior thalamus and mammillary 

bodies in rats, mice, and macaque monkeys. Brain and Neuroscience 

Advances 3: 1–18.

Metzler-Baddeley C, Jones DK, Belaroussi B, et al. (2011) Fronto-

temporal connections in episodic memory and aging: A diffu-

sion MRI tractography study. Journal of Neuroscience 31(37): 

13236–13245.

Metzler-Baddeley C, Mole JP, Sims R, et al. (2019a) Fornix white 

matter glia damage causes hippocampal gray matter damage 

during age-dependent limbic decline. Scientific Reports 9(1): 

1060–1074.

Metzler-Baddeley C, Mole JP, Leonaviciute E, et al. (2019b). Sex-spe-

cific effects of central adiposity and inflammatory markers on limbic 

microstructure. NeuroImage 189: 793–803.

Metzler-Baddeley C, O’Sullivan MJ, Bells S, et al. (2012) How and how 

not to correct for CSF-contamination in diffusion MRI. NeuroImage 

59(2): 1394–1403.

Miller EK and Cohen JD (2001) An integrative theory of prefrontal cor-

tex function. Annual Review of Neuroscience 24(1): 167–202.

Mitchell KJ, Johnson MK, Raye CL, et al. (2000) fMRI evidence of 

age-related hippocampal dysfunction in feature binding in working 

memory. Cognitive Brain Research 10(1–2): 197–206.

Nelson HE (1991) The National Adult Reading Test-Revised (NART-

R): Test Manual. Windsor: National Foundation for Educational 

Research-Nelson.

Osborne JW, Costello AB and Kellow JT (2008) Best practices in explor-

atory factor analysis. In: JW Osborne (ed.) Best practices in quanti-

tative methods. Thousand Oaks, CA: SAGE, pp. 86–102.

Owen AM, Hampshire A, Grahn JA, et al. (2010) Putting brain training 

to the test. Nature 465(7299): 775–778.

Pajevic S and Pierpaoli C (1999) Color schemes to represent the orienta-

tion of anisotropic tissues from diffusion tensor data: Application 

to white matter fiber tract mapping in the human brain. Magnetic 

Resonance in Medicine 42(3): 526–540.

Parker A and Gaffan D (1997) Mamillary body lesions in monkeys impair 

object-in-place memory: Functional unity of the fornix-mamillary 

system. Journal of Cognitive Neuroscience 9(4): 512–521.

Parker G (2014) Robust processing of diffusion weighted image data. 

Unpublished PhD Thesis, Cardiff University, Cardiff.

Penke L, Munoz Maniega S, Murray C, et al. (2010) A general fac-

tor of brain white matter integrity predicts information processing 

speed in healthy older people. Journal of Neuroscience 30(22): 

7569–7574.

Peters A, Sethares C and Moss MB (2010) How the primate fornix 

is affected by age. Journal of Comparative Neurology 518(19): 

3962–3980.

Poletti CE and Creswell G (1977) Fornix system efferent projections in 

the squirrel monkey: An experimental degeneration study. Journal of 

Comparative Neurology 175(1): 101–127.

Ramani A, Dalton C, Miller DH, et al. (2002) Precise estimate of funda-

mental in-vivo MT parameters in human brain in clinically feasible 

times. Magnetic Resonance in Medicine 20(10): 721–731.

Raz N, Gunning FM, Head D, et al. (1997) Selective aging of the human 

cerebral cortex observed in vivo: Differential vulnerability of the 

prefrontal gray matter. Cerebral Cortex 7(3): 268–282.

Rey A (1941) L’examen psychologique dans les cas d’encephalopathie 

traumatique. Archives de Psychologie 28: 215–285.

Rooney WD, Johnson G, Li X, et al. (2007) Magnetic field and tissue 

dependencies of human brain longitudinal 1H2O relaxation in vivo. 

Magnetic Resonance in Medicine 57(2): 308–318.



12 Brain and Neuroscience Advances

Sala S, Agosta F, Pagani E, et al. (2012) Microstructural changes and 

atrophy in brain white matter tracts with aging. Neurobiology of Aging 

33(3): 488–498.

Sasson E, Doniger GM, Pasternak O, et al. (2010) Structural correlates 

of memory performance with diffusion tensor imaging. NeuroImage 

50(3): 1231–1242.

Schmidt M (1996) Rey Auditory and Verbal Learning Test: A Handbook. 

Los Angeles, CA: Western Psychological Association.

Schmierer K, Tozer DJ, Scaravilli F, et al. (2007) Quantitative magneti-

zation transfer imaging in postmortem multiple sclerosis brain. Jour-

nal of Magnetic Resonance Imaging 26(1): 41–51.

Serres S, Anthony DC, Jiang Y, et al. (2009) Comparison of MRI signa-

tures in pattern I and II multiple sclerosis models. NMR Biomedicine 

22(10): 1014–1024.

Sexton CE, Mackay CE, Lonie JA, et al. (2010) MRI correlates of epi-

sodic memory in Alzheimer’s disease, mild cognitive impairment, and 

healthy aging. Psychiatry Research: Neuroimaging 184(1): 57–62.

Sled JG (2018) Modelling and interpretation of magnetization transfer 

imaging in the brain. NeuroImage 182: 128–135.

Steiger JH (1980) Tests for comparing elements of a correlation matrix. 

Psychological Bulletin 87(2): 245–251.

Tsivilis D, Vann SD, Denby C, et al. (2008) A disproportionate role for 

the fornix and mammillary bodies in recall versus recognition mem-

ory. Nature Neuroscience 11(7): 834–842.

Tuch DS, Reese TG, Wiegell MR, et al. (2002) High angular resolution 

diffusion imaging reveals intravoxel white matter fiber heterogene-

ity. Magnetic Resonance in Medicine 48(4): 577–582.

Vann SD and Nelson AJD (2015) The mammillary bodies and memory: More 

than a hippocampal relay. Progress in Brain Research 219: 163–185.

Vann SD, Erichsen JT, O’Mara S, et al. (2011) Selective disconnection 

of hippocampal-mammillary body projections produces only mild 

deficits on spatial memory tasks: Implications for fornix function. 

Hippocampus 21(9): 945–957.

Vann SD, Tsivilis D, Denby CE, et al. (2009) Impaired recollection 

but spared familiarity in patients with extended hippocampal sys-

tem damage revealed by 3 convergent methods. Proceedings of the 

National Academy of Sciences 106(13): 5442–5447.

Wilkinson A and Davies I (1978) The influence of age and dementia of 

the neurone population of the mammillary bodies. Age and Ageing 

7(3): 151–160.

Williams AN, Ridgeway S, Postans M, et al. (2019) The role of the 

pre-commissural fornix in episodic autobiographical memory 

and simulation. bioRxiv. Available at: https://www.biorxiv.org/

content/10.1101/706150v1

Yeo SS, Seo JP, Kwon YH, et al. (2013) Precommissural fornix in the 

human brain: A diffusion tensor tractography study. Yonsei Medical 

Journal 54(2): 315–320.

Zahr NM, Rohlfing T, Pfefferbaum A, et al. (2009) Problem solving, work-

ing memory, and motor correlates of association and commissural fiber 

bundles in normal aging: A quantitative fiber tracking study. NeuroIm-

age 44(3): 1050–1062.

Zamroziewicz MK, Paul EJ, Zwilling CE, et al. (2017) Predictors of 

memory in healthy aging: Polyunsaturated fatty acid balance and 

fornix white matter integrity. Aging and Disease 8(4): 372–383.

Zhang H, Schneider T, Wheeler-Kingshott CA, et al. (2012) NODDI: 

Practical in vivo neurite orientation dispersion and density imaging 

of the human brain. NeuroImage 61(4): 1000–1016.


