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The perforant path, the white matter bundle connecting the entorhinal cortex (ERC) with the hippocam-
pal formation deteriorates with age-related cognitive decline. Previous investigations using diffusion-
weighted MRI to quantify perforant path integrity in-vivo have been limited due to image resolution
or have quantified the perforant path using methods susceptible to partial volume effects such as the
tensor model and without consideration of its 3-dimensional morphology. In this investigation, we

Keywords: use quantitative-anisotropy informed tractography derived from ultra-high resolution diffusion imaging
Perforant path (ZOOMit) to investigate structural connectivity of the perforant path and other medial temporal lobe
Memory (MTL) pathways in older adults (63 to 98 years old, n = 51). We show that graph density within the

Aging MTL declines with age and is associated with lower delayed recall performance. We also show that older

Diffusion weighted MRI age and poorer delayed recall are associated with reduced streamlines connecting the ERC and dentate

High resolution gyrus of the hippocampus (the putative perforant path). This work suggest that intra-MTL connectivity
may new candidate biomarkers for age-related cognitive decline.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction cumulation of AD-related tau pathology (Desikan et al., 2010;

Desikan et 2012; Eskildsen et al., 2013). Functionally, the entorhi-

A critical issue of neuroscience consists of characterizing struc-
tural changes in the human brain as we age. Episodic memory
decline and medial temporal lobe (MTL) atrophy are markedly
the most prominent and earliest pathological changes associated
with age-related cognitive decline including Alzheimers Disease
(Gomez-Isla et al., 1996; Price et al., 2001; Braak and Braak, 1991;
Jack et al., 1999).

A key circuit of interest within the medial temporal lobe orig-
inates from the entorhinal cortex, 1 of the earliest sites of ac-
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nal cortex (ERC) has shown prominent influence in episodic mem-
ory processes as an integrating node that mediates the commu-
nication between the hippocampus and the rest of the neocortex
(Reagh et al.,, 2018). Structurally, the entorhinal cortex is known to
connect to the dentate gyrus (DG) and CA3 subfields of the hip-
pocampus via a white matter bundle that perforates through the
subiculum; the perforant path (Witter, 2007). The integrity of the
perforant path is critical for normal hippocampal functioning, is
vulnerable to the effects of aging, and is compromised with AD as
well as normal aging (Witter et al., 1989; Witter and Amaral, 1991;
Witter, 2007; Hyman et al.,, 1986; Yassa et al., 2010).

There have been several attempts to study this connection
using non-invasive diffusion MRI which consist of studies using
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Table 1

Participant demographics
Variable Full sample (n = 51) Young-old (n = 33) Old-old (n = 18)
Age' 80.34 + 10.76 73.23 £ 5.48 93.39 + 2.36
Sex 32 Females, 19 Males 21 Females, 12 Males 11 Females, 7 Males
MMSE* 26.82 + 2.75 27.88 + 1.52 24.89 + 3.43
Delayed Recall Performance* 9.67 + 3.86 11.64 + 2.73 6.056 + 2.90
Years of Education*® 15.8 + 2.66 16.42 + 1.98 14.67 + 3.36
Clinical Diagnosis 5 CIND 0 CIND 5 CIND

Key: CIND, cognitive impairment no dementia.
* Indicates statistically significant t'test between Young-old and Old-old groups.
T Indicates marginally significant difference.

ex-vivo MTL tissue samples and high angular resolution diffu-
sion imaging (HARDI) protocols that require extensive scan times
(Augustinack et al., 2010; Mollink et al., 2019; Colon- Perez et al.,
2015; Beaujoin et al., 2018). Our research team has also previ-
ously demonstrated that this path can be evaluated in a rudimen-
tary way on in-vivo diffusion weighted imaging (DWI) scans with
sufficiently high spatial resolution (Yassa et al. 2010). While we
have previously found that tensor-solved signals increase along the
medial-lateral axis of the alveus which might correspond to the
perforant path, the 2-dimensional nature of this method isn’t suffi-
cient to rule out other white matter that project along the anterior-
posterior axis of the MTL such as the fornix, cingulum bundle, and
stria terminalis. In other words, previous attempts to image the
perforant pathway in studies of aging have not resolved connectiv-
ity and integrity based on respective gray matter targets of known
anatomical origin consistent with perforant pathway anatomy.

In this investigation, we employ the use of a novel high-
resolution (0.67 x 0.67 x 3mm) DWI (ZOOMit) sequence to quan-
tify the structural connectivity of the MTL in a sample of 51 older
adults (63 to 98 years old, 32 female). Here we utilized data
from 2 separate cohorts of older adults to make up our sample,
the Young-Old group (n = 33, ages 65-86, 21 Female) and the
0Old-Old group (n = 18, ages 90 to 98, 11 Female). To attempt
to delineate the 3-dimensional structure of MTL pathways, we
implemented quantitative-anisotropy informed tractography which
has been shown to reduce the number of false-positive stream-
lines compared to a simulated ground truth in global competi-
tion (Maier-Hein, et al., 2017) and improve FA-aided deterministic
tractography of phantom objects (Yeh at al., 2013). As a measure
of memory performance, we focused on the Rey Auditory Verbal
Learning Test (RAVLT) delayed recall performance.

We hypothesized that MTL structural connectivity would de-
cline in older adults and in association with reduced delayed
recall performance, and further, we hypothesized that perforant
pathway-like connectivity (between the entorhinal cortex and den-
tate gyrus) would be selectively impaired in older adults and in
association with reduced verbal memory performance.

2. Methods
2.1. Participants

Participants were recruited in 2 separate cohorts (Young-Old
and Old-Old) at the University of California, Irvine and given ap-
propriate compensation for their participation. Relevant demo-
graphic and RAVLT performance data are summarized in Table 1.
Recruitment criteria for the Young-Old (age range 63-86) included
being between the ages of 60 and 86, speak fluent English, had ad-
equate visual and auditory acuity for neuropsychological and com-
puterized testing, good health with no disease(s) expected to in-
terfere with the study, willing and able to participate for the du-

ration of the study and in all study procedures including MRI, and
had normal cognition defined as a Clinical Dementia Rating of 0
and Mini-Mental State Examination Score of 27 or higher. Recruit-
ment criteria for the Old-Old was largely the same, with the excep-
tion of testing visual and auditory acuity. Instead participants were
screened for visual and auditory impairment as part of an initial
medical screening. The Old-Old cohort (age range 90-98) were re-
ferred by an existing longitudinal cohort (The 90+ Study; Paganini-
Hill et al., 2016) as non-demented as established by their closest
visit with a neurologist. We note that approximately 5 individu-
als were diagnosed with Cognitive Impairment with No Demen-
tia (CIND) from the Old-Old cohort. CIND was evaluated based on
protocols from the existing longitudinal cohort study (Peltz et al.,
2012). Briefly, CIND diagnosis was decided during a multidisci-
plinary case conferring session upon death where impairment in
the memory domain or 2 or more other cognitive domains were
established for diagnosis.

2.2. Imaging acquisition parameters

All neuroimaging data were acquired on a 3.0 Tesla Siemens
Prisma scanner at the Facility for Imaging and Brain Research
(FIBRE) at the University of California, Irvine. A high-resolution
3D magnetization-prepared rapid gradient echo (MPRAGE) struc-
tural scan (0.8mm isotropic voxels) was acquired at the begin-
ning of each session: repetition time (TR) = 2300ms, echo time
(TE) = 2.38ms, FOV =192, 256, 256mm, flip angle = 8 de-
grees. In addition, a T2-weighted high-resolution hippocampal se-
quence was acquired: TR/TE = 5000/84ms, flip angle = 17 de-
grees, FOV = 190, 105, 198mm, voxel size = 0.42 x 0.42 x 2.4mm.
The high-resolution diffusion sequence (ZOOMit) was collected as
oblique coronal slices perpendicular to the long axis of the hip-
pocampus with the following parameters: TR/TE = 3500/75ms,
FOV = 180, 71, 66mm, voxel size = 0.67 x 0.67 x 3mm. The se-
quence consisted of 2 b = 0 s/mm? volumes and a total of 60 diffu-
sion weighted volumes acquired as 30 non-collinear directions re-
peated twice at a b-value of 1000 s/mmz2. This sequence (ZOOMit)
utilizes inner volume excitation to reduce the field of view and in-
plane resolution.

2.3. Medial temporal lobe subfield segmentation in native diffusion
space

T1 and T2-weighted images were used to parse the medial
temporal lobe using the Automated Segmentation of Hippocampal
Subfields (ASHS) pipeline to automatically label the T2-weighted
images. This method implements joint label fusion, corrective
learning, and is a highly accurate method in automatically deriv-
ing hippocampal subfield volumes and cortical subregions in the
medial temporal lobe (Yushkevich et al.,, 2015). Using ASHS, the
volumes for the following subregions were generated bilaterally:
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Fig. 1. QA-informed whole-brain tractography in the partial FOV high resolution GQI space. (A) Here we show a coronal section of the ASHS ROIs in the subject-specific
GQI space with the entorhinal cortex (in pink) and the DG (in yellow); (B) The results of the whole brain tractography a coronal view; (C) A coronal-oblique view of the
entorhinal cortex ROI (pink), and DG (yellow) for a single subject with the T2-weighted image in GQI space as the underlay. Blue streamlines here represent the streamlines
that connect or ‘end’ in the entorhinal cortex and DG. These streamlines are representative of those extracted from the whole brain tractography generated with similar
tracking parameters with the added filter of the entorhinal cortex and DG as ‘end’ regions through DSI-Studio’s GUI interface. For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article

CA1, CA2, CA3, DG, subiculum, ERC, BA35, BA36, and PHC. The col-
lateral sulcus and miscellaneous binary masks generated by ASHS
were excluded from analysis as they represent MTL areas of non-
tissue. In order to query medial temporal lobe structural connectiv-
ity, we used ANTSRegistrationSyn (Avants et al., 2009; Klein et al.,
2009) to warp the T2 and associated ASHS regions to the first
BO of the partial FOV high resolution diffusion sequence (Supple-
mentary Fig. 1). We preprocessed the ZOOMit sequence using FSLs
eddy_corrrect. We quantified motion by calculating the average Eu-
clidian distance in the linear transformation from each sub-brick to
the first 2 b = 0 s/mm?2 volume prior to any motion correction.

2.4. Tractography and calculation of network measures

Tractography and network-based analyses were conducted us-
ing DSI-Studio (http://dsi-studio.labsolver.org; Fang-cheng Yeh.
[2019, March 14]). The b-table was checked by an automatic qual-
ity control routine to ensure its accuracy (Schilling et al., 2019). The
diffusion data were reconstructed using generalized g-sampling
imaging (Yeh et al., 2010) with a diffusion sampling length ratio
of 1.3. A quantitative anisotropy-informed deterministic fiber track-
ing algorithm (Yeh et al., 2013) was used. A seeding region was
placed at the whole brain (within the partial field of view). The
qa threshold was randomly selected. The angular threshold was 65
degrees. The step size was randomly selected from 0.5 voxel to
1.5 voxels. The fiber trajectories were smoothed by averaging the
propagation direction with 60% of the previous direction. Tracks
with length shorter than 0 or longer than 600 mm were discarded.
A total of 10,000,000 seeds were placed. Topology-informed prun-
ing (Yeh et al. 2019) was applied to the tractography with 1 iter-
ation(s) to remove false connections. The resulting restricted FOV
tractography can be visualized in Fig. 1. Observationally, the trac-
tography generated via GQI in DSI-Studio software resulted in visu-
ally discernable structures including decussating optic chiasm. We
further tested if GQI was sufficient at modeling crossing fibers by
temporarily “deleting” the fibers decussating at the optic chiasm in
subjects whose optic chiasm was discernable and within the field
of view using DSI-Studio functions. Upon temporary deletion of the

left hemisphere optic nerve, both nerves could be visualized on
the other side of the optic chiasm. Upon temporary deletion of the
right hemisphere optic nerve, both nerves could be visualized on
the other side of the optic chiasm. This visualization technique al-
lowed us to conclude that our diffusion sampling length ratio was
appropriate in order to model crossing fibers given the normal pro-
tocol for choosing this value relies on the observation of crossing
fibers at the intersection of the corticospinal tract and corpus cal-
losum which was not available in the current field of view.

In order to query structural connectivity features of the re-
sulting tractography we implemented DSI-Studio’s use of the
Brain Connectivity Toolbox (Rubinov & Spourns, 2010; https://
sites.google.com/site/bctnet/). The number of streamlines ‘ending’
within each ASHS node pair was used as the edge weight. The
average left, right, and bilateral connectivity matrices are dis-
played in Fig. 2. We chose to quantify graph density as a sim-
ple summary measure of overall connectedness which is cal-
culated as the proportion of node-to-node connectivity weights
that surpass an arbitrary threshold. Graph density was calculated
from all ASHS nodes including the CA1, CA2, CA3, DG, subiculum,
ERC, sulcus, BA35, BA36, and PHC. Four different thresholds (0.01,
0.001,0.0001,0.00001) were chosen to determine if overall “con-
nectedness” of the MTL was associated with aging and episodic
memory decline. To better understand ERC projections to the hip-
pocampus to determine which node pair were implicated in ag-
ing and memory decline we chose the following regions: ERC, CA1,
CA2, CA3, DG, and subiculum.

2.5. Neuropsychological testing

Our primary outcome measure in this investigation was perfor-
mance on the Rey Auditory Verbal Learning Memory Test (RAVLT;
Rey, 1964). The RAVLT is used to evaluate the quality of verbal
memory and is a well-established benchmark for testing and dis-
sociating normal aging, MCI, and Alzheimer’s Disease (Estevez-
Gonzalez et al,, 2003). The RAVLT was administered by an exam-
iner who was instructed to read a list of 15 words, after which the
subject was asked to repeat as many words as they could remem-
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a) Average Right Hemisphere Connectivity b) Average Left Hemisphere Connectivity c) Average(L and R) MTL Connectivity
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Fig. 2. Number of streamlines connecting regions within the medial temporal lobe. (A) Shows the average number of streamlines connecting right hemisphere MTL regions;
(B) Shows the average number of streamlines connecting left hemisphere MTL regions;(C) Shows the averaged (left and right) hemisphere MTL connectivity. Left and right
hemisphere connectivity values were averaged within individuals and then across individuals to obtain the average connectivity. All adjacency matrices are symmetric
across the bottom left to top right diagonal. Visually observable is the apparently large number of streamlines connecting the CA1 and DG of the hippocampus. Other large

connectivity's are between BA35 and BA36.

ber (in any order). This study/test trial was repeated for a total of 5
learning trials (Learning Trials, A1-A5) and were then followed by
an immediate recall of a distractor list (B1), then immediate recall
of the original list of 15 words (Immediate Recall, A6). The sub-
ject was then tested 20 minutes later making up the Delayed Re-
call portion. In this investigation we chose the delayed recall mea-
sure due to prior work using the tensor signal (Yassa et al., 2010)
and relation to hippocampal deficits, aging and Alzheimer’s Disease
(Stark, 2007). In addition to Delayed Recall, we also quantified per-
formance on the Mini-Mental State Exam (MMSE) to assess general
cognitive status and include as a covariate in later regression anal-
yses.

2.6. Statistical analysis

Statistical analyses were computed using a mixture of GraphPad
Prism 7 and R Software (https://www.R-project.org/). Multiple lin-
ear regression analyses were completed using R. All correlational
analyses were done using 2-tailed tests of Pearson correlation co-
efficients (alpha set to 0.05). ANOVA were completed using Graph-
Pad Prism 7 and corresponding post-hoc analyses were conducted
using Sidak’s multiple comparisons test. Benjamini-Hochberg pro-
cedure was used to correct for multiple comparisons for node-by-
node analyses (Benjamini & Hochberg, 1995).

3. Results

3.1. MTL graph density associated with age and delayed recall
performance

We first sought to determine if MTL graph density within each
hemisphere was dependent on the assigned arbitrary threshold.
We computed graph density using 4 different thresholds (0.01,
0.001, 0.0001, 0.00001) and evaluated if the threshold impacted
the connectedness of each graph. Using 2-way analysis of vari-
ance, we found a main effect of threshold (F (3 49) = 344.2, p
< 0.0001; Supplementary Fig. 2). Post-hoc comparisons revealed
no significant difference between left and right hemisphere graph
density within each threshold. Observationally, we note that the
graph density in each hemisphere reached an asymptote at 0.0001
which may possibly be too liberal of a threshold. As a result of
this and the lack of difference between hemispheres, we removed
analyses with graph density calculated at the smallest threshold

1.0

0.8

—

Graph Density
o
-

=

}
1

0.4
3 Young -Old
3 oOid-0id
0.2 T T T
0.01 0.001 0.0001
Threshold

Fig. 3. Difference between Young Old and Old Old MTL Graph Density. We report
a main effect of age group (F (1, 147) = 18.30, p < 0.0001) and threshold (F ,, 147
= 308.8, p < 0.0001). Post-hoc analysis revealed that the Old-Old cohort exhibited
decreased graph density (t = 3.32, p = 0.0034) compared to the Young-Old cohort
only for the 0.01 threshold.

(0.00001) and averaged graph densities across the left and right
hemisphere for future analyses.

We then tested if average MTL graph density was reduced in
the Old-0ld cohort compared to the Young-Old cohort. We found a
main effect of age group (F (5 147) = 18.30, p < 0.0001) and a main
effect of threshold (F (5, 147) = 308.8, p < 0.0001). Post-hoc analyses
revealed that the Old-Old cohort exhibited decreased graph density
(t = 3.32, p = 0.0034) compared to the Young-Old cohort only for
the 0.01 threshold (Fig. 3).

We then asked if the graph density of the MTL was associ-
ated with performance on the Delayed Recall portion of the RAVLT.
We found a significant positive relation between the average graph
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Fig. 4. Relation between MTL structural graph density and delayed recall performance. We found that the association between graph density and delayed recall was statis-
tically significant for the (A) 0.01 threshold (r = 0.38, p = 0.0054); the (B) 0.001 threshold (r = 0.45, p = 0.001); and the (C) 0.0001 threshold (r = 0.42, p = 0.0021).
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Fig. 5. Results of t'test (p-values in color) on a node-by-node basis between Young-old (n = 33) and old-old (n=18). (A) Shows all comparisons between young-old and old-
old age groups; (B) shows the statistically significant difference between the CA1 and SUB connection between young-old and old-old; (C) Shows the statistically significant
difference between the ERC and DG connection between young-old and old-old; (D) Shows the statistically significant difference between the connectivity of the ERC and
CA1 region between young-old and old-old. *Indicate significant differences at the Benjamini-Hochberg corrected level. T indicates significant difference at the uncorrected

level.

density and RAVLT Delayed Recall performance for each threshold
(0.01: r = 0.38, p = 0.0054; 0.001: r = 0.45, p = 0.001; 0.0001:
r = 042, p = 0.0021; Fig. 4).

3.2. Entorhinal cortex and dg streamlines associated with age

As a result of the differences in MTL graph density across age
groups and in association with delayed recall performance, we
then sought to test if there were specific connections within the
MTL that were responsible for these differences. We focused on
streamlines connecting the ERC with hippocampal subfields includ-
ing CA1, CA2, DG, CA3, and subiculum (SUB).

We tested if there were differences between the Young-Old
and Old-Old age groups on a node-by-node basis correcting
for multiple comparisons using the Benjamini-Hochberg method
(n = 15). Benjamini-Hochberg corrected t'tests (n = 15; Fig. 5a) re-
vealed that the number of streamlines between the CA1-Subiculum
(t = 2.69, corrected p = 0.048; Fig. 5b), entorhinal cortex-DG
(t = 3.73, corrected p = 0.0074; Fig. 6¢), and entorhinal cortex-CA1l
(t = 3.40, corrected p = 0.010; Fig. 5d) were decreased in the Old-
Old age group compared to the Young-Old age group.

We note here that there are several different node-by-node dif-
ferences at the uncorrected level between the DG - CA1 (t = 2.14,

uncorrected p = 0.038; Supplementary Fig. 3a), subiculum - DG
(t = 2.01, uncorrected p = 0.047; Supplementary Fig. 3b), ERC - CA3
(t = 2.32, uncorrected p = 0.025; Supplementary Fig. 3¢), and ERC-
subiculum (t = 2.14, uncorrected p = 0.038; Supplementary Fig. 3d).

In addition to testing if there was a node-by-node difference
across age groups, we also tested if age as a continuous variable
was associated with changes in connectivity of ERC-hippocampal
subfields on a node-by-node basis. After correcting for multiple
comparisons, we found that age was associated with decreased
structural connectivity of the entorhinal cortex - CA1 connection
(r = -0.44, corrected p = 0.008, Supplementary Fig. 4b) as well
as the entorhinal cortex - DG connection (r = -0.50, corrected
p = 0.003; Supplementary Fig 4c).

It is possible that these differences may be biased based on a
relative increase in streamlines. To address this we normalized the
streamline count for each subject based on the maximum stream-
line (edge weight) count. The association between age (continuous)
and entorhinal cortex — CA1 connectivity persisted after adjusting
for the maximum graph edge weight (r = -0.36, p = 0.0086; Sup-
plementary Fig. 5a). Similarly, the association between age and en-
torhinal cortex - DG connectivity persisted after adjusting for the
maximum graph edge weight (r = -0.45, p = 0.0009; Supplemen-
tary Fig. 5b).
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Fig. 6. Relation (correlation coefficients) between the average MTL Connectivity and delayed recall performance. (A) Shows on a node-by-node basis the correlation coef-
ficients of the relation between node-node connectivity and RAVLT Delayed Recall Performance; (B) Shows the significant association between reduced CA1-DG structural
connectivity and impaired delayed recall performance (r = 0.38, uncorrected p < 0.01); (C) Shows the significant association between reduced entorhinal cortex-subiculum
structural connectivity and impaired delayed recall performance (r = 0.40, uncorrected p < 0.005); (D) Shows the significant relation between reduced entorhinal cortex-
dentate gyrus structural associated with impaired delayed recall performance (r = 0.37, uncorrected p < 0.01). * Indicates statistically significant correlation at the Benjamini-

Hochberg corrected level. T Indicates significant at the uncorrected level.

3.3. Entorhinal cortex and dg streamlines associated with delayed
recall performance

We then asked if particular nodes were associated with delayed
recall performance. After correcting for multiple comparisons, we
found that fewer streamlines connecting the CA1 and DG (r = 0.38,
corrected p = 0.039; Fig. 6b), entorhinal cortex and subiculum
(r = 0.40, corrected p = 0.039; Fig. 6¢), entorhinal cortex and DG
(r = 0.37, corrected p = 0.039; Fig. 6d) were associated with re-
duced delayed recall performance.

The relationship between reduced CA1 and DG connectivity
and reduced delayed recall performance did not persist (8 = 0.19,
p = 0.11) after accounting for MMSE, sex, years of education, and
average subject in-scanner head motion (Table 2). However, the
relationship between reduced entorhinal cortex - DG connectiv-
ity and reduced delayed recall performance did persist (8 = 0.25,
p = 0.024) after accounting for MMSE, sex, years of education,
and subject motion (Table 3). Similarly, the relationship between
reduced entorhinal cortex-subiculum structural connectivity per-
sisted (B8 = 0.27, p = 0.013) after accounting for MMSE, sex, years
of education, and subject motion (Table 4). Relationships between
delayed recall and node-by-node connectivity that are statistically
significant at the uncorrected level are summarized in Supplemen-
tary Fig. 6.

Table 2

Similar to the node-by-node analysis with age, we then asked if
the association between node pairs and delayed recall performance
was driven by the graph maximum. To address this, we normal-
ized the streamline count for each subject based on the maximum
streamline (edge weight) count. We found that the relationship be-
tween entorhinal cortex — DG (r = 0.34, p = 0.015; Supplementary
Fig. 7a) and entorhinal cortex - subiculum (r = 0.31, p = 0.028,
Supplementary Fig. 7b) and delayed recall performance persisted
after normalizing for the maximum graph edge weight. To address
the possibility that a single outlying point is responsible for the
positive relationship between entorhinal cortex - subiculum and
delayed recall performance we removed that subject and found
that the relationship between entorhinal cortex — subiculum con-
nectivity became marginally significant (r = 0.24, p = 0.092). As
the CA1 - DG connection was not significant after accounting for
covariates and was the maximum graph edge weight for all but 5
subjects, we excluded this connection from this analysis.

3.4. Entorhinal cortex - dg connectivity moderates the association
between age and delayed recall performance

As a result of the relationship between the entorhinal cortex
- DG connection with age and delayed recall performance, we
then asked if the entorhinal cortex - DG connectivity moderated

Relation between CA1xDG structural connectivity and delayed recall performance does not persist after including Sex, MMSE, years of education, and average subject motion

(Euclidean distance)

Regression model R2 F B Standardized 8 SE(B) p-value
Overall Model 0.51 9.28

Sex -1.12 -0.14 0.88 0.21

MMSE 0.8.78 0.63 0.17 6.16 x 1076
Years of Education -0.037 -0.025 0.17 0.83

CA1 x DG Connectivity 51 x 1074 0.19 3.1 x 104 0.11
Euclidean Distance (prior to motion correction) 3.59 0.13 2.95 0.23
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Table 3

Relation between ERCXDG structural connectivity and delayed recall performance persists after accounting for Sex, MMSE, years of education and average subject motion

(Euclidean distance)

Regression model R2 F B Standardized B SE(B) p-value
Overall Model 0.53 2.77

Sex -0.96 -0.12 0.84 0.26

MMSE 0.89 0.64 0.16 1.27 x 1076
Years of Education -0.0054 -0.0037 0.16 0.97

ERC x DG Connectivity 0.0052 0.25 0.0022 0.024
Euclidean Distance (prior to any motion correction) 423 0.16 2.89 0.15

Table 4

Relation between ERCxSUB structural connectivity and delayed recall performance persists after accounting for Sex, MMSE, years of education, and average subject motion

(Euclidean distance)

Regression model R2 F B Standardized B SE(B) p-value
Overall Model 0.55 10.84
Sex -0.59 -0.075 0.84 0.48
MMSE 0.88 0.63 0.16 121 x 1076
Years of Education 0.038 0.026 0.16 0.82
ERC x Subiculum Connectivity 0.0032 0.27 0.0013 0.013
Euclidean Distance (prior to motion correction) 2.84 0.11 2.80 0.32

Table 5

Interaction model of Age, entorhinal cortex-dentate gyrus connectivity and their interaction predicting delayed recall performance
Regression model R2 F B Standardized B SE(B) p-value
Overall Model 041 11.09
Age -0.27 -0.76 0.059 2.68 x 102
ERC x DG Connectivity -0.042 -2.064 0.020 0.044
Age ERC x DG Connectivity 0.00059 2.072 0.00027 0.034

the associated between age and delayed recall performance. We
found that entorhinal cortex - DG connectivity moderated the as-
sociation between age and delayed recall performance (8 = 2.072,
p = 0.034; Table 5).

4. Discussion

There are 3 major findings of this study. First, we provide ev-
idence that structural connectivity within the MTL is reduced in
the Oldest-Old and reduced MTL structural connectivity is associ-
ated with memory decline. Second, out of all possible entorhinal
projections, we provide evidence that streamlines ending in the
entorhinal cortex and DG are reduced in the Oldest-Old and re-
duced in those with memory decline. Finally, we provide evidence
that entorhinal cortex - DG connectivity mediates the relationship
between age and delayed recall performance.

The perforant pathway, as first visualized by Ramén y Cajal,
is thought to originate in layer Il and III of the entorhinal cor-
tex and traverse the pyramidal cell layer of the subiculum in or-
der to innervate the dentate gyrus and CA3 subfields of the hip-
pocampal formation (Ramoén y Cajal, 1911; Lorente de No, 1993;
Witter, 2007). It is also understood that the entorhinal cortex
projects to a number of other regions including the subiculum
(Witter, 2006) and CA3 subfields of the hippocampus (Steward and
Scoville, 1976; Witter and Amaral, 1991), as well as CA1 and CA2
regions (Desmond et al., 1994; Steward, 1976; Steward and Scov-
ille, 1976; Witter, 2007; Naber et al.,, 2001; Baks-Te-Bulte et al.,
2005).

Evidence from rodent studies have shown that the integrity
of the perforant path declines in normal aging (Geinisman et al.,
1992; Smith et al., 2000). Histological studies from ex-vivo human
data suggest that perforant path integrity is associated with AD-
pathology (Hyman et al., 1986) and is compromised in those with
mild cognitive impairment (Scheff et al., 2006). Extending these
findings, using histology from ex-vivo human data, our colleagues

have shown that perforant path synaptic loss is related to cogni-
tive impairment and AD-pathology in humans over 90 years old
(Robinson et al., 2014).

With the goal of translating these findings to create an early
and detectable biological marker of age-related cognitive decline,
our laboratory was the first to measure perforant path integrity
using in-vivo ultra-high-resolution diffusion weighted imaging
targeted at the medial temporal lobe. In this investigation, we
used a submillimeter diffusion-weighted imaging sequence to
detect anisotropy along the orientation of the perforant path
using a composite measure of tensor-derived signals (Yassa et al.,
2010). Using this method, we were able to show that the diffusion
strength of the perforant path (compared across the medial-lateral
axis of the medial temporal lobe) decreased in older adults. As
a control, we selected the alveus (forming the anterior portion
of the fimbria/fornix), which did not show the same decrease in
diffusion parameters associated with age and memory impairment.
Critically, this finding improved previous work that did not utilize
sufficiently high voxel resolution to observe the perforant path
(Kalus et al., 2006; Rogalski et al., 2009). While our prior work
was the first investigation of diffusion anisotropy of the perforant
path in-vivo and provided an association with aging and episodic
memory performance, others in the field have suggested that this
method partially or indirectly captures the perforant pathway
(Zeineh et al., 2012) based on its consideration of the perforant
path in the 2-dimensional coronal plane rather than with respect
to the 3-dimensional morphology of this pathway. In other words,
our previous attempt to image the perforant pathway did not
resolve connectivity and integrity based on respective gray matter
targets of known anatomical origin consistent with perforant
pathway anatomy.

In the last decade, other researchers in the field have begun
to address these issues using tractography. The perforant path has
now been investigated using excised human and non-human pri-
mate tissue scanned with high angular resolution diffusion imag-
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ing (HARDI) protocols at high magnetic field strengths to resolve 3-
dimensional images of the perforant path (Augustinack et al., 2010;
Mollink et al., 2019; Colon- Perez et al., 2015; Beaujoin et al., 2018;
Zeineh et al., 2017). A smaller number of studies have investi-
gated the perforant path in humans using in-vivo tractography de-
rived from high-resolution diffusion imaging. One such study im-
plemented high-resolution diffusion imaging to visualize the per-
forant path using fractional anisotropy-aided deterministic tractog-
raphy (Zeineh et al.,, 2012). In this investigation, using resampled
1.5mm isotropic data (final resolution 0.7mm isotropic) from 6 hu-
man subjects, the authors were able to visualize the perforant path
in-vivo operationalized as streamlines connecting the entorhinal
cortex with the DG/CA3, CA1, and subiculum.

While this investigation provided 1 of the first in-vivo 3-
dimensional visualizations of entorhinal-hippocampal projections
in the high-resolution space, the question remains as to which
specific entorhinal-hippocampal projection declines with age and
memory decline. To address this issue in this investigation, we fo-
cused on improving the existing tractography work, by implement-
ing quantitative anisotropy (QA) informed deterministic tractogra-
phy (Yeh et. al., 2013). It has been shown that QA-informed trac-
tography improves the accuracy of deterministic tractography of
microtubule phantom objects and is less affected by partial volume
effects compared to the tensor model (Yeh et al., 2013). In addi-
tion, the use of quantitative anisotropy was found to produce fewer
false-positive streamlines compared to over 96 different meth-
ods released by more than 20 other research groups around the
world (Maier-Hein, 2017). In this investigation, by employing the
use of generalized g-sampling (GQI) imaging, QA-aided determin-
istic tractography in the native diffusion space and seeding the
high resolution sequence with 10,000,000 seeds (10x the suggest
amount for whole brain analysis), we were able to generate a ro-
bust model of structural connectivity (Fig. 1a). This was made pos-
sible by the use of the high-resolution diffusion imaging sequence
(ZOOMit; voxel size = 0.67 x 0.67 x 3mm) acquired parallel to
the long axis of the hippocampus. This robust tractography derived
from ZOOMit, along with acquisition of high-resolution T1 and T2-
weighted imaging data, allowed for harmonization with ASHS to
delineate MTL regions (see methods). Together, this harmonization
approach allowed us to quantify the number of streamlines ending
between MTL regions in order to determine which specific entorhi-
nal projection was associated with aging and memory decline.

Using these methods to improve upon prior work, we provide
evidence that MTL structural connectedness (graph density) was
reduced in those at advanced age. Interestingly, this difference was
only apparent for the most restrictive arbitrary threshold of 0.01.
Here it is possible that the difference is only apparent at this more
restrictive threshold as it might contribute to the removal of spuri-
ous streamlines of low count across the network. However, we pro-
vide evidence that reduced MTL structural connectedness (across
all thresholds) was associated with reduced RAVLT delayed recall
performance. Together these results seem to suggest that the de-
gree of white matter connecting the medial temporal lobe is an
additional indicator of age-related cognitive decline.

As a result of this first analysis, we then asked which specific
entorhinal projections to the subiculum and hippocampal forma-
tion were more vulnerable to the effects of aging and cognitive
decline. We found that the connectivity of the CA1-subiculum, en-
torhinal cortex- DG, and entorhinal cortex-CA1 were diminished in
those at advanced age. Similarly, we then asked which specific con-
nections between the entorhinal cortex and hippocampal forma-
tion were associated with episodic memory decline. We found that
reduced connectivity between the CA1 - DG, entorhinal cortex-
subiculum, and the entorhinal cortex -DG was related to impaired
delayed recall performance. However, only the relationships be-

tween memory performance and entorhinal cortex-subiculum and
entorhinal cortex - DG persisted after accounting for sex, MMSE,
years of education, and average subject head motion. These rela-
tionships also persisted after accounting for the maximum sub-
ject streamline count. Here we note that our usage of the termi-
nology ‘persists’ refers to the ability of the connectivity regressor
and corresponding p-value to surpass our arbitrary threshold of al-
pha. A more general interpretation of these results would suggest
that entorhinal - DG connectivity is associated with delayed re-
call performance when MMSE, years of education, and motion are
accounted for. Importantly, we note that the entorhinal cortex -
DG projection is the only node-to-node connection that is both re-
duced in the Oldest-Old and is reduced in those with episodic memory
decline.

We have previously reviewed the functional significance of dif-
ferent entorhinal projections in the context of computational theo-
ries of DG and CA3 functioning (Yassa & Stark, 2011). It is hypothe-
sized that the direct entorhinal projection to the DG provides input
for sparse coding granule cells of the DG to perform pattern sepa-
ration; a process whereby input is orthogonalized to create unique
representations. These newly separated representations are then
“collected” by CA3 to reduce interference and support new learn-
ing through the mossy fiber pathway (Marr, 1971; Blackstad et al.,
1970; Yassa & Stark, 2011). The direct entorhinal projection to
CA3 is thought to provide a cue for recall (Rolls, 2007). This the-
ory has been supported by selective lesioning of the mossy fiber
pathway which impaired encoding but not retrieval where lesion-
ing of the direct entorhinal - CA3 pathway impaired retrieval but
spares encoding (Lee & Kesner, 2004; Yassa & Stark, 2011). Thus,
it is tempting to speculate that our findings of reduced entorhi-
nal cortex- DG connectivity would yield impairment in encod-
ing new representations or impairment of pattern separation pro-
cesses. Indeed, additional research using the fractional anisotropy
methodology we have previously developed (Yassa et al., 2010) has
found that the perforant path integrity is associated with discrim-
ination performance (Bennett & Stark, 2016; Yassa et al., 2011).
However, this work is also subjected to the criticism laid out by
Zeineh et al. (2012) as it does not measure the perforant pathway
with respect to its gray matter targets and 3-dimensional morphol-
ogy. Rather, diffusion was accessed locally between the entorhinal
cortex and subiculum at a 45-degree angle. Here, we extend this
body of work by providing the novel finding that entorhinal cortex
- DG streamlines, in particular, decline with aging and are associ-
ated with episodic memory performance.

One limitation of this work is that we observed the largest
streamline count for most subjects between the CA1 and DG which
anatomically is not thought to have a reciprocal connection. In
general, future studies should seek to compare the accuracy of
streamlines derived from high-resolution diffusion imaging with
histological methods from ex-vivo samples that implement antero-
grade and retrograde tracing. In animal models, 1 such study has
been conducted recently that compared in-vivo 0.lmm resolution
tractography with ex-vivo viral tracing (Wu & Zhang, 2016). This in-
vestigation found evidence of remarkable similarity between trac-
tography and the viral tracer data in terms of their spatial projec-
tion patterns, and also found false positive streamline connectivity
between the CA1 and DG of the hippocampus (Wu & Zhang, 2016).
Similar techniques should be employed with excised human tis-
sue with the high-resolution sequence to better understand the 3-
dimensional accuracy of this work.

Another possible limitation of this work is the use of a single
shell (single b-value) DWI sequence. It is possible that the imple-
mentation of the ZOOMit high resolution sequence adapted to in-
clude a multishell diffusion weighted imaging would enhance the
tractography results. It is possible that this adaptation would en-
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able the quantification of separate streamlines projecting from dif-
ferent portions of the entorhinal cortex such as the lateral (“con-
tent”) and medial (“context”) pathways which are known to sup-
port different functions (Knierim et al., 2013; Reagh & Yassa, 2014).

5. Conclusion

In this investigation we provide evidence that the number of
streamlines that connect the entorhinal cortex and DG are associ-
ated with aging and episodic memory performance. These analy-
ses advance the study of white matter within the medial temporal
lobe by supplying 3-dimensional specificity to our previous work
(Yassa et al., 2010). Future study should seek to determine if mul-
tishell acquisition would be able to yield direct visualization of the
perforant path using similar state-of-the-art MTL segmentation and
tractography procedures.
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