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Abstract

Significant evidence demonstrates that aging is associated with variability in cognitive 

performance, even among individuals who are cognitively normal. In this study, we examined 

measures from magnetic resonance imaging (MRI) and cerebrospinal fluid (CSF) to investigate 

which measures, alone or in combination, were associated with individual differences in episodic 

memory performance. Using hierarchical linear regressions, we compared the ability of diffusion 

tensor imaging (DTI) metrics, CSF measures of amyloid and tau, and gray matter volumes to 

explain variability in memory performance in a cohort of cognitively normal older adults. 

Measures of DTI microstructure were significantly associated with variance in memory 

performance, even after accounting for the contribution of the CSF and MRI gray matter volume 

measures. Significant associations were found between DTI measures of the hippocampal 

cingulum and fornix with individual differences in memory. No such relationships were found 

between memory performance and CSF markers or gray matter volumes. These findings suggest 

that DTI metrics may be useful in identifying changes associated with aging or age-related 

diseases.

Keywords

cognitive aging; biomarker; diffusion tensor imaging; cerebrospinal fluid; episodic memory

Correspondence concerning this article should be addressed to Arnold Bakker, Johns Hopkins University School of Medicine, 600 
North Wolfe Street, Baltimore, MD 21287, abakker@jhu.edu. 

Disclosure statement
AM receives funding from Fujirebio Diagnostics Ltd. (no direct payments, salary support, or consultation fees). SM is part owner and 
CEO of “AnatomyWorks”. This arrangement is being managed by the Johns Hopkins University in accordance with its conflict of 
interest policies. The remaining authors declare no competing interests.

HHS Public Access
Author manuscript
Neurobiol Aging. Author manuscript; available in PMC 2021 March 01.

Published in final edited form as:
Neurobiol Aging. 2020 March ; 87: 78–88. doi:10.1016/j.neurobiolaging.2019.11.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia and the sixth-leading cause 

of death in the United States (Alzheimer’s Association, 2017). Mounting evidence suggests 

that neuropathological changes associated with AD may be present up to decades before any 

clinical symptoms arise (Sperling et al., 2011). Recent research has therefore focused on 

examining cognitively normal individuals across a range of ages in an effort to identify 

subtle alterations in cognition, and related biomarkers, that may precede clinical symptom 

onset of AD. In one such study, the Biomarkers of Cognitive Decline Among Normal 

Individuals (BIOCARD) study (Albert et al., 2014), cognitively normal individuals were 

enrolled primarily during middle-age and followed longitudinally for over 20 years. 

Assessments included a comprehensive clinical and cognitive evaluation, as well magnetic 

resonance imaging (MRI) and cerebrospinal fluid (CSF) collection. The present study 

utilized cross-sectional data from this cohort to examine the relationship of MRI and CSF 

measures to episodic memory performance in cognitively normal middle aged and older 

individuals.

A large number of studies have examined volumetric MRI changes associated with aging 

and the early phases of AD (e.g. Miller et al., 2015a, 2015b, 2013; Soldan et al., 2015). 

Recently, more attention has been drawn to alterations in white matter fiber bundles, the 

structural pathways that connect disparate neural regions throughout the brain, and changes 

associated with aging and early AD (for reviews, see Bennett and Madden, 2014; Caso et al., 

2016; Contreras et al., 2015; Oishi et al., 2011; Radanovic et al., 2013). Diffusion tensor 

imaging (DTI) is a well-suited technique for such investigations, since DTI methodologies 

allow for the quantification of white matter microstructure, which may enable better 

detection of subtle variations that may be present even among cognitively normal 

individuals, compared to changes on the macrostructural level. In fact, microstructural 

aberrations have been demonstrated in cognitively normal older adults, as well as patients 

with mild cognitive impairment (MCI; Amlien and Fjell, 2014; Clerx et al., 2012; Gold et 

al., 2012; Lam et al., 2017; Nobili et al., 2014; Teipel et al., 2016; Zhang et al., 2014), and 

suggest a spatiotemporal pattern to the microstructural changes, with the earliest alterations 

beginning in limbic tracts, followed by more lateral temporoparietal association tracts, and 

ultimately progressing to long-range frontal pathways (Teipel et al., 2016). Teipel and 

colleagues (2016) also noted that the early limbic tract alterations tend to be the most severe 

and can be detected years before gray matter atrophy or cognitive impairment is observed.

Microstructural variation in limbic white matter pathways has also been consistently 

associated with episodic memory function, which is typically the earliest cognitive 

manifestation of AD. The fornix, for example, which connects the hippocampus to the 

mammillary bodies, is known to play a critical role in facilitating episodic memory 

processing, and its microstructure has been related to variability in memory performance in 

both cognitively normal older adults and patients with MCI. Specifically, fornix 

microstructure was associated with performance on tests of verbal free recall in cognitively 

normal participants (Metzler-Baddeley et al., 2011a), as well as MCI patients (Mielke et al., 

2012; Oishi et al., 2012), and further associated with visual recall performance in cognitively 

normal participants (Metzler-Baddeley et al., 2011a). Similarly, the hippocampal cingulum, 
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which connects the hippocampus and parahippocampus to the inferior parietal lobe, has been 

associated with verbal recall performance in non-demented older adults (Ezzati et al., 2016; 

Metzler-Baddeley et al., 2011a), and both verbal and visual recall in MCI patients (Lin et al., 

2014). Finally, associations have been found with the uncinate fasciculus (UF), which 

connects the anterior and medial temporal lobes (MTLs; including portions of the entorhinal 

cortex, parahippocampal cortex, and perirhinal cortex) to the orbitofrontal cortex (OFC). 

Although fewer studies have examined these relationships in cognitively normal older 

adults, reports have demonstrated that UF microstructure is related to performance on a 

paired associates task among cognitively normal participants (Metzler-Baddeley et al., 

2011a), while in MCI patients, the relationship has been demonstrated with verbal recall 

(Hiyoshi-Taniguchi et al., 2015). Taken together, these findings suggest that the 

microstructural properties of these three pathways may be particularly relevant in the context 

of age- and disease-related changes in cognition.

CSF measures are well-established as biomarkers of AD. They have been used as proxies for 

quantification of the two hallmark neuropathological features of AD: amyloid plaques and 

neurofibrillary tangles (Braak and Braak, 1991; Thal et al., 2002). CSF Aß42 is used to index 

amyloid-beta (Aß) protein deposition, while CSF total tau (t-tau) and phosphorylated tau (p-

tau) are measures associated with neurodegeneration and the pathological build-up of tau 

proteins within neurofibrillary tangles, respectively (Fagan et al., 2007; Gustafson et al., 

2007). Recent evidence indicates that CSF AD biomarkers predict longitudinal cognitive 

decline among cognitively normal individuals (Soldan et al., 2016; Vos et al., 2013), as well 

as progression to MCI (Moghekar et al., 2013). Evidence remains mixed, however, as to 

whether cross-sectional measures of CSF and cognitive performance are related in 

cognitively normal participants. A few studies have detected cross-sectional correlations 

between CSF markers and episodic memory performance (Aß42: Stomrud et al., 2010; t-tau 

and p-tau, but not Aß42: Pettigrew et al., 2015). However, it has been more common for 

studies to report no evidence of a relationship with Aß42 or tau markers (Li et al., 2014; 

Rami et al., 2011; Rolstad et al., 2011; Schott et al., 2010; Vemuri et al., 2011), at least for 

cognitively normal participants.

Although CSF markers may demonstrate weak associations with cross-sectional cognitive 

performance when examined in isolation, they may add meaningful information when 

examined in combination with other biomarkers, such as DTI metrics. However, research 

comparing the relative contributions of DTI and CSF measures to variability in cognition has 

been very limited (for a review, see Alm and Bakker, 2019). The present investigation, 

therefore, sought to explore the combined use of DTI and CSF metrics in explaining 

variance in episodic memory performance cross-sectionally. We aimed to test whether 

measures of DTI microstructure, CSF markers, gray matter volumes, white matter volumes, 

or a combination of these metrics were significantly related to delayed memory performance 

in cognitively normal participants in the BIOCARD cohort. Hierarchical regression analyses 

were used, so that each class of metrics could be added as independent variables within the 

overall model in a step-wise fashion. This allowed us to assess the relative contributions of 

each category of variables to the proportion of explained variance in episodic memory 

performance. Gray matter volumes were included in our models to ensure any potential DTI 

effects were present above and beyond the potential effects of gray matter volume. In a 
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separate analysis, we tested whether white matter volume of the structures of interest related 

to variability in delayed episodic memory.

2. Materials and Methods

2.1. Study design

Data included in the present investigation were obtained from a subsample of participants 

enrolled in the BIOCARD study, a longitudinal study designed to identify biomarkers of the 

earliest phases of AD. The BIOCARD study began in 1995 under the auspices of the 

intramural program of the Geriatric Psychiatry Branch of the National Institutes of Mental 

Health (NIMH). During this time, participants underwent annual assessments comprised of a 

comprehensive neuropsychological battery and clinical evaluation. Approximately every two 

years, MRI data, CSF samples, and blood specimens were collected. The study was stopped 

in 2005 for administrative reasons. In 2009, a research team at Johns Hopkins University 

(JHU) was funded to re-initiate the study. Participants again began to undergo annual 

cognitive and clinical assessments, and in 2015, biennial collection of MRI (including 

diffusion-weighted imaging) and CSF data was initiated, and amyloid PET data were 

acquired. The data presented here were collected beginning in 2015. Data collection is 

ongoing.

2.2. Participants

The overall BIOCARD study sample consists of 349 individuals who were recruited 

between 1995 and 2005. At the time of enrollment, participants were primarily middle-aged 

(M = 57.3, SD = 10.4, range = 20 – 85). Participants underwent a comprehensive evaluation 

comprised of a battery of neuropsychological tests, physical and neurological examinations, 

an electrocardiogram, and standard laboratory tests. At the time of enrollment, all 

participants were cognitively normal, as ascertained by cognitive testing, and free from any 

significant medical problems (e.g. severe cerebrovascular disease, epilepsy, or substance 

abuse). By design, approximately 75% of enrolled participants had a first degree relative 

with AD dementia. Additional information on the overall BIOCARD cohort is presented 

elsewhere (see Albert et al., 2014).

The current study sample consisted of 109 cognitively normal participants (60.6% female) 

who underwent MRI scanning, CSF collection, and cognitive testing between January 2015 

and January 2017 as part of the ongoing longitudinal assessments of the larger BIOCARD 

cohort. The participants had a mean age of 69.22 (SD = 8.60, range = 34 – 89) and a mean 

of 17.52 years of education (SD = 2.09, range = 12–20). All of these participants were 

judged to be cognitively normal, based on the consensus diagnoses procedures completed by 

the staff of the JHU BIOCARD Clinical Core, which included neurologists, 

neuropsychologists, research nurses, and research assistants. All cases were handled in a 

manner comparable to those employed at the National Institute on Aging Alzheimer’s 

Disease Centers program. First, a syndromic diagnosis was established (i.e., normal, MCI, 

Impaired Not MCI, Dementia). The syndromic diagnoses used three sources of information: 

(1) clinical data pertaining to the medical, neurological, and psychiatric status of the 

individual; (2) reports of changes in cognition by the individual and by collateral sources; 
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and (3) decline in cognitive performance, based on review of longitudinal testing from 

multiple domains (and comparison to published norms). Within the context of this study, the 

diagnosis of Impaired Not MCI typically reflected contrasting information from the CDR 

interview and the cognitive test scores (i.e., the subject or collateral source expressed 

concerns about cognitive changes in daily life, but the cognitive testing did not show 

changes, or vice versa, the test scores provided evidence for declines in cognition, but 

neither the subject nor the collateral source reported changes in daily life; see Albert et al., 

2014 for details). Subjects with a diagnosis of Impaired Not MCI (n = 20) were therefore 

included among the group of cognitively normal participants. If a subject was not considered 

to be normal, then an etiologic diagnosis was made (e.g., AD, Frontotemporal Dementia, 

Lewy Body Dementia, etc.). These diagnostic procedures follow the guidelines of the 

National Institute on Aging – Alzheimer’s Association working group (Albert et al., 2011; 

McKhann et al., 2011). All diagnoses were made without knowledge of the MRI or CSF 

biomarker measures.

2.3. Image acquisition and processing

MRI imaging was conducted on a 3T Philips Achieva scanner (Eindhoven, The 

Netherlands). Diffusion-weighted images were acquired from a spin echo sequence (TR = 

7.5 s, TE = 75 ms, FOV = 260 × 260, slice thickness = 2.2 mm, flip angle = 90, b-value = 

700, number of gradients = 33, axial plane). The image analysis was performed on an atlas-

based matrix, which was generated by MRICloud (https://braingps.mricloud.org; Mori et al., 

2016). DTI reconstruction and quality control were also performed using MRICloud, which 

follows the pipeline of DTIStudio (Jiang, Van Zijl, Kim, Pearlson, & Mori, 2006). 

MRICloud offers a fully automated multi-atlas image parcellation algorithm, which 

combines the image transformation algorithm, Large Deformation Diffeomorphic Metric 

Mapping (LDDMM; Christensen et al., 1997; Grenander and Miller, 1998; Miller et al., 

1997) based on complementary contrasts (mean diffusivity (MD), fractional anisotropy (FA), 

and fiber orientation; Ceritoglu et al., 2009), and a likelihood fusion algorithm for DTI 

multi-atlas mapping and parcellation (Tang et al., 2014). The DTI multi-atlas template set 

contains 12 healthy adult brains, and results in the parcellation of 168 brain structures, from 

which vectors of DTI scalar metrics (three eigenvalues) and volumes were extracted.

We focused our analyses on MD, which is the average of the three eigenvalues, and radial 

diffusivity (RD), which is the average of the two minor eigenvalues, perpendicular to the 

major axis of diffusion. These diffusivity indices have been shown to be more sensitive to 

specific microstructural changes than FA, which is quite sensitive to general changes in 

microstructure, but is less likely to detect the particular type of change (Alexander et al., 

2011). Although FA remains the most commonly reported measure, certain studies have 

shown that it is a suboptimal measure of underlying microstructure (e.g. Acosta-Cabronero 

et al., 2010; Leow et al., 2009). In addition, we sought to a priori restrict our number of 

comparisons in order to minimize inflated false positive rates due to multiple comparisons. 

Therefore, MD and RD were chosen as our specific microstructural measures of interest.

Five structures were defined for these analyses as a priori regions of interest (ROIs) based on 

their known involvement in episodic memory processes. DTI metrics of MD and RD, as well 
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as white matter volumes were used in our statistical analyses for the following ROIs: (1) the 

fornix (restricted to the body and column due to resolution constraints; see Supplementary 

Figure S1), (2) the hippocampal cingulum, and (3) the uncinate fasciculus (UF). The gray 

matter volumes of two ROIs were also included in the analyses: (1) the entorhinal area and 

(2) the hippocampus. ROI-specific MD and RD measures were obtained by averaging the 

MD or RD values across all of the voxels within an ROI. Volumes were measured by 

counting the number of voxels within an ROI. ROIs for each participant were visually 

inspected to ensure that the automated segmentation process yielded accurate delineations of 

the structures of interest.

2.4. CSF assessments

CSF specimens in the present study were collected beginning in 2015, when biospecimen 

collection was re-initiated at Johns Hopkins. CSF and MRI data were collected during the 

same visit. 20 ml CSF was collected in the morning between 8 and 10 am after an overnight 

fast into a 50 ml polypropylene tube. After mixing and centrifugation at 2000 rpm for 15 

minutes, 500 ul aliquots of CSF were frozen at −80 °C within 60 minutes of collection. CSF 

Aβ42 (picograms/ml) and CSF t-tau (picograms/ml) were measured using the Lumipulse 

G1200 assay (Fujirebio, Malvern, PA). Assays were run in duplicate, and all samples were 

run in a single batch. Intra-assay coefficient of variation for this assay was 3.1% for Aβ42 

and 4.3% for t-tau.

2.5. Delayed episodic memory composite score

A delayed verbal episodic memory composite score was derived from performance on tasks 

within the neuropsychological battery administered during the same visit as MRI data 

acquisition and lumbar punctures. Specifically, z-scored performance was calculated for the 

California Verbal Learning Test (CVLT) long delay free recall and the Wechsler Memory 

Scale Logical Memory (LM) delayed recall measures. For each participant, these z-scored 

measures were then averaged to yield a single delayed memory composite score.

2.6. Statistical analyses

Hierarchical linear regression analyses were used to examine the relationship between 

biomarker measures – including DTI metrics, CSF markers, and gray matter volume 

measures – and the composite measure of delayed episodic memory. The variabilities for 

each of the independent variables of interest are plotted in Supplementary Figure S2.

Separate models were constructed for each microstructural measure (i.e. MD and RD) in 

order to avoid multicollinearity. For all hierarchical regressions, the dependent measure was 

the composite delayed episodic memory score, and independent variables were added in a 

step-wise manner. Step 1 included independent variables corresponding to demographics, 

including age, sex, and years of education. In Step 2, DTI microstructural measures were 

entered as additional separate independent variables, including MD or RD of the 

hippocampal cingulum, fornix, and UF. To reduce the number of comparisons, 

microstructural measures were collapsed across hemispheres; however, it should be noted 

that comparable results were obtained when considering left and right hemispheres 

separately (data not shown). In Step 3, CSF measures of Aß42 and t-tau were entered as 
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additional separate independent variables. Finally, in Step 4, entorhinal and hippocampus 

volume measures (collapsed across hemispheres) were entered as additional separate 

independent variables. We included gray matter volume of the hippocampus and entorhinal 

area to determine whether associations with the white matter tracts were driven by volume 

differences in the gray matter regions where the pathways originate (Caso et al., 2016).

The same general procedure was followed to construct a hierarchical model to examine 

white matter volumes. The dependent measure remained composite delayed episodic 

memory score. The three demographic variables were entered in Step 1, followed by white 

matter volumes of the hippocampal cingulum, fornix, and UF (collapsed across 

hemispheres) in Step 2. Next, CSF Aß42 and t-tau were entered in Step 3, and gray matter 

volumes of the entorhinal area and hippocampus were entered in Step 4. Statistical analyses 

were performed using SPSS (version 24).

3. Results

3.1. Mean diffusivity explains variability in delayed episodic memory performance

First, a hierarchical regression model was constructed using mean MD of the MTL ROIs as 

the white matter measures of interest. Results are presented in Table 1. Step 1, including age, 

sex, and education was significant (R2 = 0.11, F(3, 105) = 4.27, p = .01), with sex showing a 

significant association with delayed memory (ß = 0.26, t(105) = 2.79, p = .01) such that 

female participants tended to perform better than males. Age and education did not reach 

significance (p’s > .07).

In Step 2, the addition of mean MD measures resulted in a significant overall model (R2 = 

0.17, F(6, 102) = 3.53, p = .003), with a trend towards an enhanced proportion of variance 

explained by the model from the inclusion of these microstructural measures (ΔR2 = 0.06, 

ΔF(3, 102) = 2.60, p = .06). Sex remained significant (ß = 0.28, t(102) = 3.05, p = .003). 

Additionally, hippocampal cingulum MD and fornix MD both emerged as significant 

variables, each uniquely contributing to the proportion of explained variance (ß = 0.26, 

t(102) = 2.38, p = .02 and ß = −0.29, t(102) = −2.18, p = .03, respectively). Specifically, 

higher hippocampal cingulum MD and lower fornix MD were associated with better delayed 

memory performance. No other variables reached significance (p’s > .56).

In Step 3, the addition of CSF Aβ42 and t-tau yielded a significant overall model (R2 = 0.18, 

F(8, 100) = 2.74, p = .01). However, adding these measures did not significantly increase the 

variance explained by the overall model (ΔR2 = 0.01, ΔF(2, 100) = 0.46, p = .63). Sex (ß = 

0.29, t(100) = 3.13, p = .002), hippocampal cingulum MD (ß = 0.26, t(100) = 2.32, p = .02), 

and fornix MD (ß = −0.31, t(100) = −2.29, p = .02) remained significant in this step, but 

neither Aβ42 or t-tau were significantly related to delayed memory performance (ß = −0.01, 

t(100) = −0.08, p = .93 and ß = −0.09, t(100) = −0.89, p = .38, respectively).

In Step 4, inclusion of the gray matter volumes yielded a significant overall model (R2 = 

0.19, F(10, 98) = 2.33, p = .02), but adding these variables did not change the amount of 

variance explained by the model (ΔR2 = 0.01, ΔF(2, 98) = 0.77, p = .47). Therefore, the 

addition of gray matter volumes did not improve the model. Sex (ß = 0.27, t(98) = 2.47, p 
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= .02), hippocampal cingulum MD (ß = 0.25, t(98) = 2.22 p = .03), and fornix MD (ß = 

−0.34, t(98) = −2.43, p = .02) all remained significant. No other variables reached 

significance (p’s > .35). Partial regression plots for the significant associations derived from 

Step 4, which represent the unique relationship between the independent variable of interest 

and delayed memory performance after controlling for all other variables in the model, are 

depicted in Figure 1a. Partial regression plots for non-significant associations are presented 

in Supplementary Figure S3.

In order to ensure that this pattern of results was not dependent on the order in which the 

diffusion metrics were entered into the model, we also examined a hierarchical model where 

the MTL MD metrics were entered during Step 4, rather than Step 2. The results were 

consistent with the findings reported above. Only the addition of the MD metrics 

significantly increased the amount of variance explained by the model above and beyond the 

demographic variables (ΔR2 = 0.07, ΔF(3, 98) = 2.84, p = .04). The full results of this model 

are presented in Supplementary Table S1.

3.2. Radial diffusivity explains variability in delayed episodic memory performance

For the next hierarchical model, mean RD values of the MTL structures served as the 

primary variables of interest. Results are presented in Table 2. For Step 1 (which included 

age, sex, and education as independent variables), the results were the same as described 

above. In Step 2, the inclusion of mean RD of the MTL structures yielded a significant 

overall model (R2 = 0.19, F(6, 102) = 4.03, p < .001), as well as a significant increase in the 

amount of explained variance accounted for by the model (ΔR2 = 0.08, ΔF(3, 102) = 3.48, p 
= .02). The addition of microstructural RD indices significantly improved the model’s ability 

to explain variability in memory performance. Female sex (ß = 0.27, t(102) = 2.99, p 
= .003), greater hippocampal cingulum RD (ß = 0.31, t(102) = 2.71, p = .01), and lower 

fornix RD (ß = −0.37, t(102) = −2.65, p = .01) were all significantly associated with better 

delayed memory performance. No other variables reached significance (p’s > .54).

In Step 3, the overall model was significant (R2 = 0.20, F(8, 100) = 3.16, p = .003), but the 

amount of variance explained did not change significantly from Step 2 to Step 3 (ΔR2 = 

0.01, ΔF(2, 100) = 0.62, p = .54), indicating that adding measures of CSF Aβ42 and t-tau did 

not improve the proportion of explained variance. In Step 3, sex, hippocampal cingulum RD, 

and fornix RD each remained significant (sex: ß = 0.29, t(100) = 3.10, p = .003; 

hippocampal cingulum RD: ß = 0.31, t(100) = 2.72, p = .01; fornix RD: ß = −0.40, t(100) = 

−2.80, p = .01). By contrast, neither Aβ42 nor t-tau were found to be significantly related to 

delayed memory (ß = −0.01, t(100) = −0.11, p = .91 and ß = −0.10, t(100) = −1.03, p = .31, 

respectively). No other variables reached significance (p’s > .53).

In Step 4, a similar pattern of results emerged. The overall model was significant (R2 = 0.21, 

F(10, 98) = 2.63, p = .01), but the inclusion of entorhinal and hippocampal volumes did not 

change the proportion of variance explained by the model (ΔR2 = 0.01, ΔF(2, 98) = 0.61, p 
= .55). Once again, sex, hippocampal cingulum RD, and fornix RD remained significant, 

even after accounting for gray matter volumes (sex: ß = 0.26, t(98) = 2.43, p = .02; 

hippocampal cingulum RD: ß = 0.30, t(98) = 2.58, p = .01; fornix RD: ß = −0.43, t(98) = 

−2.88, p = .01). No other variables reached significance (p’s > .29). The partial regression 
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plots from Step 4 for the fornix and hippocampal cingulum are depicted in Figure 1b. Partial 

regression plots for non-significant associations are presented in Supplementary Figure S3.

To confirm that these findings were not simply due to the order of variable entry into the 

hierarchical model, we also examined a model in which the DTI measures were entered last. 

Even when the MTL RD measures were entered in Step 4, this remained the only step where 

the proportion of explained variance increased significantly beyond the initial model with 

demographics only (ΔR2 = 0.09, ΔF(3, 98) = 3.70, p = .01). The full hierarchical model is 

presented in Supplementary Table S2.

3.3. Examining potential partial volume effects

In order to account for potential confounds due to partial volume effects, we examined 

models in which both DTI microstructural measures and white matter volumes were 

included. This is especially a concern for smaller pathways, like the fornix, as structures 

with lower volumes tend to show higher partial volume effects (Vos et al., 2011). At Step 1, 

the regression model included the demographic variables. At Steps 2 and 3, DTI 

microstructural measures and white matter volumes corresponding to the structures of 

interest were included, respectively. With these variables in the model, the DTI 

microstructural relationships with delayed memory remained significant (hippocampal 

cingulum MD: ß = 0.23, t(99) = 2.04, p = .05; fornix MD: ß = −0.34, t(99) = −2.52, p = .01; 

hippocampal cingulum RD: ß = 0.26, t(99) = 2.23, p = .03; fornix RD: ß = −0.40, t(99) = 

−2.83, p = .01), suggesting that these associations were not merely the result of size 

differences in the white matter ROIs.

3.4. Examining the relationship of CSF ratios to variability in delayed episodic memory 
performance

Prior evidence suggests that the ratio of CSF tau to Aß42 is a better predictor of clinical 

decline than each measure independently (Moghekar et al., 2013). Therefore, we also 

examined models in which this ratio was included. In this analysis, we used the ratio of t-

tau/Aß42 as an independent variable in the regression models, instead of separate variables 

for each measure. T-tau/Aß42 was not significantly related to delayed memory in either 

model (MD model: ß = −0.09, t(101) = −0.99, p = .32; RD model: ß = −0.10, t(101) = −1.05, 

p = .30), nor did it change the overall pattern of results.

3.5. Examining the relationship of white matter volume to variability in delayed episodic 
memory performance

Finally, we tested whether the volume of the white matter ROIs explained variation in 

delayed memory composite scores. The general procedure for constructing the hierarchical 

model was the same, except that Step 2 was now comprised of white matter volume 

measures corresponding to the hippocampal cingulum, fornix, and UF. Results are presented 

in Table 3.

Given that Step 1 was the same as in the previous hierarchical models (i.e., demographic 

variables entered as separate independent variables, with delayed memory composite score 

as the dependent measure), the results are identical to those observed in Step 1 above.
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In Step 2, the inclusion of white matter volumes yielded a significant overall model (R2 = 

0.16, F(6, 102) = 3.24, p = .01); however, adding these variables did not lead to a significant 

change in the proportion of explained variance (ΔR2 = 0.05, ΔF(3, 102) = 2.08, p = .11), 

signifying that demographic variables alone explained a greater proportion of the variance in 

delayed memory than volume of the MTL white matter ROIs. Only age and sex were 

significantly related to delayed memory (ß = −0.19, t(102) = −2.04, p = .04 and ß = 0.30, 

t(102) = 3.01, p = .003, respectively). None of the white matter volumes reached 

significance; however, hippocampal cingulum volume exhibited a trending effect (ß = −0.20, 

t(102) = −1.87, p = .06).

In Step 3, adding CSF markers yielded a significant overall model (R2 = 0.17, F(8, 100) = 

2.53, p = .02), but once again, did not lead to a significant change in the proportion of 

explained variance (ΔR2 = 0.01, ΔF(2, 100) = 0.48, p = .62). After accounting for the 

influence of CSF Aβ42 and t-tau, sex remained significant (ß = 0.32, t(100) = 3.12, p 
= .002), but age did not (ß = −0.17, t(100) = −1.84, p = .07). No other variables reached 

significance, but hippocampal cingulum volume remained trending (ß = −0.20, t(100) = 

−1.90, p = .06).

Similar to the previous steps, in Step 4, the overall model was significant (R2 = 0.19, F(10, 

98) = 2.29, p = .02), but the addition of gray matter volumes did not result in a change in the 

overall proportion of explained variance (ΔR2 = 0.02, ΔF(2, 98) = 1.26, p = .29). In this final 

step, age and sex were significant (ß = −0.20, t(98) = −2.08, p = .04 and ß = 0.29, t(98) = 

2.57, p = .01, respectively), and volume of the UF was also found to uniquely contribute to 

the relationship with delayed memory performance (ß = 0.26, t(98) = 2.18, p = .03). 

Specifically, higher uncinate volume was related to better performance. No other variables 

reached significance (p’s > .08).

4. Discussion

Despite the growing number of investigations of DTI and CSF markers, very few have 

examined the relative contributions of each type of measure to individual differences in 

cognition (for a review, see Alm and Bakker, 2019). In this study, we sought to investigate 

whether MRI and CSF measures, alone or in combination, provide a neurobiological basis 

for individual differences in episodic memory performance in a group of cognitively normal 

older adults. We utilized hierarchical linear regression analyses in order to tease apart the 

proportion of variance in episodic memory accounted for by each class of variables. Our 

findings demonstrate that DTI measures of MTL white matter tracts (specifically the fornix 

and hippocampal cingulum) account for a significant amount of the variance explained in a 

composite score of delayed episodic memory above and beyond demographic variables. 

Moreover, the DTI metrics for these ROIs were the only set of variables in the hierarchical 

regression model that significantly improved the proportion of explained variance, even with 

measures of AD CSF markers, gray matter volumes, and white matter volumes included in 

the models. This remained true even in models where the DTI variables were entered in the 

last step of the hierarchy, indicating that the findings were not merely an effect influenced by 

the order of variable entry into the models. This indicates that DTI microstructural metrics 
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for MTL regions exhibit a robust relationship with individual differences in episodic 

memory.

It should be noted that while RD measures yielded a significant increase in the variability 

explained by the overall regression model, the increase associated with MD metrics was 

only marginal (p = .06). However, the RD and MD models accounted for very similar 

proportions of explained variance (19% and 17% respectively), and the change in R2 for MD 

measures surpassed the threshold for statistical significance in the model when MD values 

were entered last. Therefore, it seems that RD may be a slightly more robust measure in 

terms of relating brain structure to cognitive function. In line with this, RD is typically 

considered to be more sensitive to specific alterations in microstructure, as well as a more 

direct index of microstructure (Alexander et al., 2011).

Across the MD and RD indices, both the hippocampal cingulum and the fornix were 

uniquely associated with variability in delayed memory. Importantly, these associations were 

present across each of the steps within the hierarchical regression models, signifying robust 

relationships with episodic memory, above and beyond any effects of age, sex, education, 

CSF markers, and gray matter volumes. This suggests a strong association between 

individual differences in delayed memory and variability in the microstructure of 

hippocampal white matter tracts. Given that both pathways terminate in the hippocampus, 

this adds to the body of literature implicating the hippocampus in the facilitation of long 

term memory function (e.g. Nadel & Moscovitch, 1997; Squire & Alvarez, 1995; Squire, 

Genzel, Wixted, & Morris, 2015) by providing evidence that hippocampal white matter also 

seems to be critically involved in supporting episodic memory processes. Microstructural 

changes in the fornix and the hippocampal cingulum have also been previously reported 

across the stages of the AD continuum (Oishi et al., 2012; Zhang et al., 2007). Moreover, the 

associations with memory performance are consistent with prior studies relating 

microstructural variations to individual differences in episodic memory. Microstructure of 

the fornix and hippocampal cingulum have both demonstrated previous associations with 

memory performance in non-demented older adults (which may include individuals with 

MCI; Ezzati et al., 2016; Metzler-Baddeley et al., 2011a), as well as across the AD 

continuum (Lin et al., 2014; Mielke et al., 2012; Oishi et al., 2012).

Our findings extend the prior literature by demonstrating that these relationships for the 

fornix and hippocampal cingulum are present in a cohort of cognitively normal participants, 

even after accounting for potential contributions from CSF AD biomarkers and MTL gray 

matter volumes (adjusted for demographics). Furthermore, these brain-behavior associations 

were specific to fornix and hippocampal cingulum microstructure, since the same 

relationships did not emerge for the corresponding white matter volumes or the UF. Given 

that microstructural measures index the underlying properties of white matter tissue on a 

finer scale, it is possible that these metrics are better able to detect subtle alterations not 

present at the macrostructural level in cognitively normal individuals. Age-related 

microstructural changes in the UF may be more subtle and therefore not associated with 

episodic memory in cognitively normal individuals.
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It is important to note the discrepancy in the directions of the hippocampal cingulum and 

fornix relationships with delayed memory. For the fornix, decreases in MD and RD were 

associated with better memory performance. In contrast, elevated MD and RD were both 

indicative of better performance for the hippocampal cingulum. However, this inconsistency 

was maintained in sensitivity analyses removing both 5% and 50% of cases, based on the 

Mahalanobis distance test for multivariate outliers (data not shown); therefore, it does not 

seem to merely be due to the influence of a few outliers. Additionally, the hippocampal 

cingulum relationships were not necessarily in the expected direction. MD is a measure of 

the average diffusion in a given voxel; thus, heightened MD values can indicate increased 

free diffusion, which is often interpreted as the presence of tissue damage (Soares et al., 

2013). It was therefore surprising to find a positive relationship between hippocampal 

cingulum MD and delayed memory. Similarly, RD is a measurement that represents the 

degree of diffusion occurring perpendicular to the primary axis of diffusion, such that 

increases in RD tend to be associated with myelin loss (Alexander et al., 2011; Beaulieu, 

2011; Jones et al., 2013; Tournier et al., 2011). However, these interpretations are based 

largely on animal studies and may not hold true for the much more complex connectome of 

the human brain. For instance, the assumption that fiber bundles run parallel to the primary 

axis of diffusion, and therefore increased diffusion in the perpendicular direction (i.e. RD) 

indicates some sort of damage does not always hold true for the human brain (Jones et al., 

2013). An axon bundle consisting of fanning or crossing fibers will have varying diffusion 

orientations within the bundle. This could lead to a microstructure that appears to be less 

coherent and less anisotropic relative to a fiber bundle with the same number and quality of 

fibers, but containing axons all aligned in the same direction (Jones et al., 2013). Yet, this 

does not signify that one of the fiber bundles has higher “integrity” than the other, only that 

they differ in appearance. It is therefore critical to be particularly cautious when interpreting 

microstructural DTI effects.

With respect to the CSF biomarkers, the addition of Aß42 and t-tau to the hierarchical 

regression (and the ratio of t-tau/Aß42) did not improve the overall model. Furthermore, 

neither CSF marker was independently associated with delayed memory performance. This 

was not completely unexpected, however, since past examinations of cross-sectional 

relationships between CSF markers and episodic memory have yielded mixed results in 

cognitively normal cohorts. Some studies have reported significant cross-sectional 

associations (e.g. Pettigrew et al., 2015; Stomrud et al., 2010), while others have found no 

evidence of such relationships (e.g. Li et al., 2014; Rami et al., 2011; Rolstad et al., 2011; 

Schott et al., 2010; Vemuri et al., 2011); therefore, further research is needed on this topic. 

Of note, Pettigrew et al. (2015) reported an association between CSF t-tau and p-tau with 

visuospatial episodic memory, but not with verbal episodic memory as examined in the 

present study. It is possible, therefore, that measures of tau are more directly related to 

visuospatial episodic memory but not to measures of verbal episodic memory. It is also 

possible that alterations in CSF measurements (which reflect global rather than localized 

changes) are less likely to demonstrate associations with episodic memory performance 

among cognitively normal individuals.

Similar to the CSF markers, the inclusion of gray matter volumes corresponding to the 

entorhinal area and hippocampus did not change the amount of variance accounted for by 
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the overall model. Additionally, neither entorhinal volume nor hippocampal volume 

demonstrated a significant relationship with memory performance. This was surprising, 

given both regions’ importance in episodic memory function, and the significance of the 

entorhinal cortex as one of the earliest regions to undergo pathological changes in AD 

(Braak and Braak, 1991). It is possible that macrostructural measures of these brain regions 

are significant predictors of progression to MCI, but are not strongly associated with cross-

sectional differences in cognition among cognitively normal individuals. It is also possible 

that more subtle shape-based gray matter measures of the hippocampus or entorhinal cortex 

may be more sensitive to individual differences in episodic memory among cognitively 

normal individuals (e.g. Miller et al., 2013).

Finally, in a hierarchical model with MTL white matter volumes as the independent 

measures of interest, the addition of the other variables described above did not improve the 

overall model. In general, this again suggests that detecting effects in a cognitively normal 

cohort may necessitate a more sensitive measure than volume; however, there was one 

particular white matter volume ROI that did yield a significant effect. Greater UF volume 

was associated with better delayed memory performance, but only in the final step. This 

finding requires further replication.

4.1. Limitations and Future Directions

The primary limitation of the present study is the cross-sectional nature of the investigation. 

Future studies will be able to take advantage of the longitudinal data currently being 

collected, which can examine not only the relationship between white matter microstructure 

and episodic memory, but also how the relationship may change over time. Longitudinal 

assessments will also aid in disentangling whether DTI measures are predictive of clinical 

decline or whether they may reflect age-related changes that are independent of AD.

Several technical issues are also potential limitations. One concerns conclusions drawn from 

correlations between DTI indices and behavior. As discussed above, much is still unknown 

with respect to interpreting directionality of brain-behavior relationships in the context of 

DTI microstructure. Thicker myelination in general may not always lead to enhanced 

performance on a cognitive task (Scholz et al., 2009). Although myelination is typically 

thought to enhance signal transduction, improved neural efficiency may also be achieved 

through mechanisms like synaptic pruning, which could yield local decreases in 

myelination. Microstructural findings are also vulnerable to overinterpretations about the 

overall integrity of structural connections throughout the brain. DTI metrics are derived on a 

voxel by voxel basis; thus, conclusions drawn from such local changes may not be 

generalizable to the human connectome on a broader scale. We must therefore be wary not 

to over-attribute changes in local microstructure to alterations in more global integrity of 

white matter.

Additionally, it should be noted that ROI-based analyses of small fiber pathways, such as the 

fornix, are particularly prone to partial volume effects that occur from signal contamination 

due to the close proximity of CSF (Metzler-Baddeley et al., 2011b; Vos et al., 2011). 

Although this is more of a concern in samples with known atrophy, since volume reductions 

can exacerbate partial volume effects (Oishi and Lyketsos, 2014), we still sought to mitigate 
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this issue. We conducted a follow-up analysis controlling for the volumes of the white matter 

ROIs, and our pattern of results was unchanged. Therefore, it does not seem that our 

findings were solely due to the influence of partial volume effects; however, we still caution 

against overinterpretation of the anatomical changes that may be represented by changes in 

diffusivity. Future studies would benefit from utilization of recent advances in DTI sequence 

development that can facilitate the reduction of partial volume effects and improve the 

ability to distinguish particular pathways, such as multi-shell acquisitions with higher b-

values.

It is also possible that variation in gray matter volumes may contribute to the relationships 

found between episodic memory and white matter microstructure. Volume differences in the 

gray matter regions from which the white matter pathways emanate may be driving the DTI 

effects. However, the effects in the hippocampal cingulum and fornix remained significant 

even after controlling for the potential influence of gray matter volume differences across 

participants, suggesting that our findings cannot solely be explained by volume differences.

4.2. Conclusions

Very few studies have directly compared the relative contributions of DTI and CSF markers 

to individual differences in cognition. The hierarchical regression analyses used in the 

present study allowed us to assess the unique contribution of each class of variables to 

variability in episodic memory. Our findings suggest that DTI metrics can provide indices of 

the underlying microstructure of white matter pathways in the medial temporal lobe that are 

sensitive enough to capture individual differences in episodic memory performance among 

cognitively normal individuals. These subtle microstructural alterations exhibited robust 

associations with delayed episodic memory, suggesting that they may be useful in 

identifying changes associated with the initial phases of AD.

It is possible that the relationships exhibited between DTI metrics and individual differences 

in memory function could be used to improve the selection of clinical trial candidates, as 

well as provide critical co-variates in the analysis of outcome measures. These relationships 

could also be used to track subject-specific trajectories of disease progression.
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Figure 1. Delayed memory performance associations with white matter microstructure.
Partial regression plots with standardized residuals depicting the relationship of delayed 

episodic memory performance with fornix and hippocampal cingulum microstructure from 

the final step of the hierarchical regression model using mean diffusivity (MD) as the 

primary DTI metric of interest (a) and the final step of the hierarchical regression model 

using radial diffusivity (RD) as the primary DTI metric of interest (b).
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Table 1.

Mean MTL MD explaining variability in delayed episodic memory composite (N = 109)

Delayed memory composite score Independent variables ß t-value F ΔF R2 ΔR2

Step 1 4.27** 0.11

Age −0.17
−1.85

†

Sex 0.26 2.79**

Education −0.06 −0.62

Step 2 3.53**
2.60

† 0.17 0.06

Age −0.02 −0.17

Sex 0.28 3.05**

Education −0.05 −0.58

Hippocampal Cingulum MD 0.26 2.38*

Fornix MD −0.29 −2.18*

Uncinate MD −0.05 −0.45

Step 3 2.74** 0.46 0.18 0.01

Age 0.01 0.10

Sex 0.29 3.13**

Education −0.06 −0.59

Hippocampal Cingulum MD 0.26 2.32*

Fornix MD −0.31 −2.29*

Uncinate MD −0.06 −0.51

Aβ42 −0.01 −0.08

t-tau −0.09 −0.89

Step 4 2.33* 0.77 0.19 0.01

Age 0.01 0.05

Sex 0.27 2.47*

Education −0.05 −0.55

Hippocampal Cingulum MD 0.25 2.22*

Fornix MD −0.34 −2.43*

Uncinate MD −0.06 −0.50

Aβ42 −0.01 −0.12

t-tau −0.09 −0.91

Entorhinal volume −0.10 −0.94

Hippocampal volume −0.07 −0.62

†
p < .07;

*
p < .05;

**
p < .01;

MD: mean diffusivity; MTL: medial temporal lobe
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Table 2.

Mean MTL RD explaining variability in delayed episodic memory composite (N = 109)

Delayed memory composite score Independent variables ß t-value F ΔF R2 ΔR2

Step 1 4.27** 0.11

Age −0.17
−1.85

†

Sex 0.26 2.79**

Education −0.06 −0.62

Step 2 4.03*** 3.48* 0.19 0.08

Age −0.03 −0.21

Sex 0.27 2.99**

Education −0.06 −0.62

Hippocampal Cingulum RD 0.31 2.71**

Fornix RD −0.37 −2.65**

Uncinate RD 0.02 0.16

Step 3 3.16** 0.62 0.20 0.01

Age 0.02 0.13

Sex 0.29 3.10**

Education −0.06 −0.63

Hippocampal Cingulum RD 0.31 2.72**

Fornix RD −0.40 −2.80**

Uncinate RD 0.01 0.07

Aβ42 −0.01 −0.11

t-tau −0.10 −1.03

Step 4 2.63** 0.61 0.21 0.01

Age 0.01 0.10

Sex 0.26 2.43*

Education −0.06 −0.60

Hippocampal Cingulum RD 0.30 2.58**

Fornix RD −0.43 −2.88**

Uncinate RD 0.002 0.02

Aβ42 −0.02 −0.16

t-tau −0.11 −1.06

Entorhinal volume −0.08 −0.80

Hippocampal volume −0.06 −0.60

†
p < .07;

*
p < .05;

**
p < .01;

***
p < .001;
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RD: radial diffusivity; MTL: medial temporal lobe
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Table 3.

Mean MTL white matter volumes explaining variability in delayed episodic memory composite (N = 109)

Delayed memory composite score Independent variables ß t-value F ΔF R2 ΔR2

Step 1 4.27** 0.11

Age −0.17
−1.85

†

Sex 0.26 2.79**

Education −0.06 −0.62

Step 2

Age −0.19 −2.04* 3.24** 2.08 0.16 0.05

Sex 0.30 3.01**

Education −0.05 −0.55

Hippocampal Cingulum volume −0.20
−1.87

†

Fornix volume 0.12 1.30

Uncinate volume 0.19 1.69

Step 3 2.53* 0.48 0.17 0.01

Age −0.17
−1.84

†

Sex 0.32 3.12**

Education −0.06 −0.63

Hippocampal Cingulum volume −0.20
−1.90

†

Fornix volume 0.13 1.37

Uncinate volume 0.19 1.72

Aβ42 −0.03 −0.33

t-tau −0.08 −0.79

Step 4 2.29* 1.26 0.19 0.02

Age −0.20 −2.08*

Sex 0.29 2.57**

Education −0.06 −0.60

Hippocampal Cingulum volume −0.19 −1.76

Fornix volume 0.14 1.50

Uncinate volume 0.26 2.18*

Aβ42 −0.04 −0.36

t-tau −0.08 −0.85

Entorhinal volume −0.09 −0.90

Hippocampal volume −0.15 −1.28

†
p < .07;

*
p < .05;

**
p < .01;

MTL: medial temporal lobe

Neurobiol Aging. Author manuscript; available in PMC 2021 March 01.


	Abstract
	Introduction
	Materials and Methods
	Study design
	Participants
	Image acquisition and processing
	CSF assessments
	Delayed episodic memory composite score
	Statistical analyses

	Results
	Mean diffusivity explains variability in delayed episodic memory performance
	Radial diffusivity explains variability in delayed episodic memory performance
	Examining potential partial volume effects
	Examining the relationship of CSF ratios to variability in delayed episodic memory performance
	Examining the relationship of white matter volume to variability in delayed episodic memory performance

	Discussion
	Limitations and Future Directions
	Conclusions

	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3.

