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ARTICLE INFO ABSTRACT

Keywords: White matter hyperintensities are a marker of small vessel cerebrovascular disease that are strongly related to
Cer_Ebrova“mar disease cognition in older adults. Similarly, medial temporal lobe atrophy is well-documented in aging and Alzheimer’s
Aging disease and is associated with memory decline. Here, we assessed the relationship between lobar white matter
Small vessel disease . L. . . . .

Hippocampus hyperintensities, medial temporal lobe subregional volumes, and hippocampal memory in older adults.

We collected MRI scans in a sample of 139 older adults without dementia (88 females, mean age (SD) = 76.95
(10.61)). Participants were administered the Rey Auditory Verbal Learning Test (RAVLT). Regression analyses
tested for associations among medial temporal lobe subregional volumes, regional white matter hyperintensities
and memory, while adjusting for age, sex, and education and correcting for multiple comparisons.

Increased occipital white matter hyperintensities were related to worse RAVLT delayed recall performance,
and to reduced CAl, dentate gyrus, perirhinal cortex (Brodmann area 36), and parahippocampal cortex volumes.
These medial temporal lobe subregional volumes were related to delayed recall performance. The association of
occipital white matter hyperintensities with delayed recall performance was fully mediated statistically only by
perirhinal cortex volume.

These results suggest that white matter hyperintensities may be associated with memory decline through their
impact on medial temporal lobe atrophy. These findings provide new insights into the role of vascular pathol-
ogies in memory loss in older adults and suggest that future studies should further examine the neural mecha-
nisms of these relationships in longitudinal samples.

Long-term memory

1. Introduction radiological marker of small vessel cerebrovascular disease (Moran
et al.,, 2012). WMH are associated with reduced cognitive function in

White matter hyperintensities (WMH) are regions of increased older adults without dementia (Brugulat-Serrat et al., 2020; Gunning-
brightness that are best visualized on T2-weighted fluid-attenuated Dixon and Raz, 2000). Much of the work involving the contributions
inversion recovery (FLAIR) magnetic resonance imaging (MRI) and are a of WMH on cognitive functions in healthy older adults has thus far
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focused on the decline of processing speed and executive functioning
(Gunning-Dixon and Raz, 2000; Geerlings et al., 2009; Prins et al.,
2005), while the impact of WMH on memory specifically is less well
characterized and studied (Rizvi et al., 2020; Swardfager et al., 2018).
Importantly, WMH also contribute to both the onset and progression of
Alzheimer’s disease (AD) and related pathophysiology (Brickman, 2013;
Laing et al., 2020; Mortamais et al., 2014; Prasad et al., 2011). Sup-
porting this line of work, WMH are implicated specifically in age- and
AD-related neurodegeneration, providing some evidence of atrophy of
medial temporal lobe (MTL) structures (Swardfager et al., 2018; Rizvi
et al., 2018; Rizvi et al., 2021; Tosto et al., 2015). However, the rela-
tionship between WMH and MTL subregional atrophy has been
understudied.

The MTL plays a crucial role in episodic memory. In particular, the
hippocampus and rhinal cortices are necessary for the encoding and
consolidation of new episodic and semantic memories (Eichenbaum,
2000; Squire et al., 2004). Neurodegeneration of MTL subregions is
linked to memory loss, both in aging and in AD. Hippocampal subfields
including CA1 and the dentate gyrus (DG) undergo selective atrophy in
aging and AD, changes that are, in turn, associated with substantial
memory decline (Apostolova et al., 2010; De Flores et al., 2015; Wisse
et al., 2014). Additionally, extra-hippocampal MTL cortical regions such
as the perirhinal cortex and the entorhinal cortex are especially sensitive
to effects of AD pathophysiology, including regional accumulation of tau
pathology (Holbrook et al., 2020; Olsen et al., 2017; Sone et al., 2017;
Xie et al., 2020).

Despite evidence of both cerebrovascular related structural changes
and MTL subregional atrophy in aging and AD, these two lines of work
have been investigated mostly separately, and how these two features
might be linked to memory decline has remained unclear. Additionally,
while most of the work on WMH and cognition applies measures of
global WMH burden, other studies point to the utility of investigating
the effects of regionally specific WMH on cognition (Rizvi et al., 2020;
Rizvi et al., 2021; Birdsill et al., 2014; Garnier-Crussard et al., 2022).
Likewise, the study of MTL atrophy subregionally, including hippo-
campal subfields and extra-hippocampal subregions, allows us to further
understand these regionally specific associations (Xie et al., 2020;
Chauveau et al., 2021).

In the current study, we first determined whether regional WMH
accumulation is associated with memory outcomes. We focused on word
list delayed recall performance as assessed by the Rey Auditory Verbal
Learning Test (RAVLT). We tested the hypothesis that regional patterns
of WMH accumulation will be associated with MTL subregional volumes
in older adults without dementia, and subsequently tested whether these
MTL subregional volumes are related to delayed recall performance.
Finally, using a mediation model, we tested the hypothesis that the as-
sociation of WMH with memory performance is through their impact on
MTL subregional volume.

2. Materials and methods
2.1. Participants

One-hundred thirty-nine participants were included in the study.
Eighty-seven community-dwelling adults were part of the Biomarker
Exploration in Aging, Cognition, and Neurodegeneration (BEACoN)
study, 23 were recruited from the UCI Alzheimer’s Disease Research
Center (ADRC) longitudinal cohort, and 29 were recruited from the 90+
Study of the Oldest Old. All participants gave written informed consent
and were compensated for their participation; study procedures are in
agreement with the Institutional Review Board of the University of
California, Irvine. The study was carried out in accordance with The
Code of Ethics of the World Medical Association (Declaration of Helsinki).
The study only included participants who underwent both MR imaging
(T2- and T1-weighted MRI) and neuropsychological testing. Participants
were included if they had performed RAVLT and had structural images
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analyzed. A total of N = 139 participants with RAVLT measures had
WMH (including n = 130, missing n = 9) and/or MTL volume data
(included n = 134, missing n = 5). None of the participants were
diagnosed with dementia at the time of testing. However, a subset of
them (n = 18) received a diagnosis of cognitive impairment (either mild
cognitive impairment — MCI (n = 4), cognitive impairment/no dementia
— CIND (n = 6), or questionable cognitive impairment — QCI (n = 8)).
This subset of participants is color coded in all association plots. De-
mographic characteristics of the participants based on the whole sample
and separately by cohorts are included in Table 1.

2.2. Magnetic resonance imaging

For the BEACoN and 90 + cohorts, magnetic resonance imaging
(MRI) 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. The following scans were acquired: Structural T1-
weighted MPRAGE (resolution = 0.8 x 0.8 x 0.8 mm, repetition time
= 2300 ms, echo time = 2.38 ms, FOV read = 256 mm, slices = 240, slice
orientation = sagittal), T2-weighted fluid-attenuated inversion recovery
(FLAIR; resolution = 1.0 x 1.0 x 1.2 mm, repetition time = 4800 ms,
echo time = 441 ms, FOV read = 256 mm, slices = 160, inversion time
= 1550 ms, slice orientation = sagittal) and T2-Turbo Spin Echo (reso-
lution = 0.4 mm x 0.4 mm x 2.0, repetition time = 5000 ms, echo time
= 84 ms, FOV read = 190 mm). For the ADRC cohort, MRIs were ac-
quired on a 3 Tesla Philips scanner. The following scans were acquired:
Structural T1-weighted MPRAGE (resolution = 0.54 x 0.54 x 0.65 mm,
repetition time = 11 ms, echo time = 18 ms, FOV = 240 mm x 231 mm
x 150 mm, slices = 231, slice orientation = sagittal), T2-weighted
FLAIR (FLAIR; resolution = 0.65 x 0.87 x 4 mm, repetition time =
11000 ms, echo time = 125 ms, FOV = 230 mm x 103 mm x 119, slices
= 24, inversion time = 2800 ms, slice orientation = transverse) and T2-
Turbo Spin Echo (resolution = 0.47 mm x 0.47 mm X 2 mm, repetition
time = 3000 ms, echo time = 80 ms, FOV = 180 mm x 180 mm x 109
mm).

2.3. MRI analyses

2.3.1. White matter hyperintensities segmentation

Image processing leveraged the open-source ANTsX software
ecosystem (Tustison et al., 2021) with a particular focus on specific deep
learning applications developed for neuroimaging made available for
both Python and R via the ANTsXNet (ANTsPyNet/ANTsRNet) libraries.
Specifically, for the work described here, WMH segmentation and lobar
parcellation (see Fig. 1) based on the Desikan-Killiany-Tourville (DKT)
cortical labels (Klein and Tourville, 2012) employed the two ANTsPyNet
functions respectively: sysu_white_matter_hypterintensity_segmentation
and desikan_killiany_tourville_labeling.

In conjunction with the International Conference on Medical Image
Computing and Computer Assisted Intervention (MICCAI) held in 2017,
a challenge was held for the automatic segmentation of WMH using T1-
weighted and FLAIR images (Kuijf et al., 2019). The winning entry used
a simplified preprocessing scheme (e.g., simple thresholding for brain
extraction) and an ensemble (n = 3) of randomly initialized 2-D U-nets
to produce the probabilistic output (Li et al., 2018). Importantly, they
made both the architecture and weights available to the public. This
permitted a direct porting to the ANTsXNet libraries with the only dif-
ference being the substitution of the threshold-based brain extraction
with a deep-learning approach (Tustison et al., 2021). All WMH masks
resulting from the above automated segmentation procedure were
manually edited by an expert rater (B.R.) for improved accuracy.

The segmentation above was followed by lobar parcellation. The
process involved an automated, deep learning-based DKT labeling pro-
tocol for T1-weighted images, which was described in Tustison (Tustison
et al,, 2021) in the context of cortical thickness. Briefly, data from
several neuroimaging studies described in Tustison (Tustison et al.,
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Table 1 " Cognitively Impaired category consists of those with QCI (n = 4), MCI (n =
Demographics and summary variables. 6), and CIND (n = 8) under the whole sample.* Vascular Risk History: self-
N . s s A
Characteristics Whole BEACON ADRC 90+ re[?orted a§ current or past dlagriloses, with n = 7 missing data. * T-score
Sample adjusted with age, sex, and education.
N 139 87 23 29
Age, mean (SD) years 76.95 71.54 76.46 93.60
(10.61) (6.28) (7.99) (2.21)
Sex, n (%) Women 88 (63.3 58 (66.7 12 (52.2 18
%) %) %) (62.1
%)
Education, mean (SD) years 16.11 16.46 16.17 15.03
(2.62) (2.26) (2.62) (3.36)
Diagnostic Category, n (%)
Cognitively normal 121 87 (100 13 (56.5 21
(87.1 %) %) %) (72.4
%)
Cognitively impaired* 18 (12.9 0 10 (43.5 8(27.6
%) %) %)
Race and Ethnicity, n (%)
White 115 68 (78.2 19 (82.6 28
(81.6 %) %) %) (96.6
%)
Asian 18 (13.6 14 (16.1 4(17.4 0
%) %) %)
Black 1 (<1%) 1(1.1%) 0 0
More than 1 race or Other 3(22%) 4M@5% O 1(34
%)
Hispanic 5 (3.6 %) 3 (3.4 %) 0 1(3.4

%)
Vascular Risk History', n (%)

Heart disease 6 (4.3 %) 1(1.1%) 2(8.7%) 3(10.3
%)
Stroke 0 0 0 0
Diabetes 10 (7.2 7 (8 %) 1(43% 2(6.9
%) %)
Sleep apnea 24 (17.3 19 (21.8 3(13%) 2(6.9
%) %) %)
High blood pressure 34 (25.7 16 (19.5 18 (17.3 13
%) %) %) (44.8

%)

Square-transformed WMH

3
volume, cm®, mean (SD) Fig. 1. (A). Axial view of a FLAIR image with unlabeled WMH. (B). Axial view

Total WMH 1.90 1.54 2.55 2.60
o (1.49) a.21) (1.86) (1.62) of a FLAIR image with labeled WMH. (C). Coronal view of a T2-weighted image
Frontal WMH 119 0.97 1.6 1.58 with MTL segmentation from ASHS. PHC is not captured in this image slice.
(0.96) (0.86) (1.33) (1.11)
Temporal WMH ?(-)2143) (()62205) (()64:?7) ?(-)2145) 2014) were used to train two deep learning networks—one for the
Parietal WMH 0.03 0.60 128 150 1nn?r (e.g., subcortical, cerebellar) labels and one for the “outer
(0.96) 0.74) (1.22) (1.10) cortical labels.
Occipital WMH 0.50 0.37 0.84 0.63 After an individual T1-weighted scan was labeled with the cortical
) 0.39) (0.26) 0.41) (0.30) DKT regions, the six-tissue (i.e., CSF, gray matter, white matter, deep
Neuropsychological Tests gray matter, cerebellum, and brain stem) segmentation network was
RAVLT delayed recall (Raw 9.45 11.05 7.91 5.86 . . . . .
Score) 411 (3.26) (4.57) (3.32) applied to the skull stripped image. Cortical labels corresponding to the
RAVLT delayed recall 50(9.89) 51.52 46.23 48.31 same hemispheric lobes were combined and then propagated through
(Adjusted T-score)* (9.49) (12.54) (7.76) the non-CSF brain tissue to produce left/right parcellations of the
M‘S’dfl T?mP‘l)rallL"be frontal, temporal, parietal, and occipital lobes, as well as left/right di-
agjur:tge:)"a volumes (TTV visions of the brainstem and cerebellum. Left and right lobar WMH
CAl 1.62 1.75 1.19 1.50 volumes were derived and summed across hemispheres. Due to a posi-
0.32) (0.25) (0.20) (0.27) tively skewed distribution and values of zero within our WMH data, we
CA2 0.03 0.03 0.03 0.03 square root transformed all regional and total WMH data. WMH volumes
(0.01) (0.01) (0.01) (0.01) were not corrected for TIV, as the expected WMH burden for any head
CA3 0.09 0.10 0.05 0.11 ize is still Gunnine-Di and Raz. 2003 d ori X
0.03) 0.02) ©.02) 0.03) size is still zero (Gunning-Dixon and Raz, ) and prior worl
Dendate gyrus 1.02 1.10 0.76 0.94 demonstrating a relationship between WMH volumes and cortical
(0.19) (0.15) 0.13) 0.17) thickness used non-adjusted WMH volumes (Rizvi et al., 2018; Rizvi
Subiculum 0.61 0.64 0.52 0.59 et al., 2021).
(0.10) (0.09) (0.10) (0.08)
Entorhinal cortex 0.72 0.78 0.50 0.68 .
(0.15) 0.11) (0.10) 0.13) 2.3.2. MTL subregional volumes:
BA 35 (Transentorhinal 0.69 0.73 0.58 0.64 Medial temporal lobe subregions including hippocampal subfields
cortex) 0.12) 0.11) (0.07) 0.71) were automatically segmented with the Automatic Segmentation of
BA 36 (Perithinal cortex) 2.53 2.70 178 247 Hippocampal Subfields (ASHS) (Yushkevich et al., 2015) software using
(0.47) (0.36) (0.24) (0.41) T1 and T2 iohted i The ASHS pipeline impl ‘oint label
Parahippocampal cortex 1.27 1.38 0.91 116 an -weighted images. The pipeline implements joint labe

0.29) (0.26) (0.16) 0.21) fusion and corrective learning to accurately segment hippocampal sub-
field volumes and cortical medial temporal lobe subregions. The
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resulting output included volumes of the following subregions in native
T2 space: CAl, CA2, CA3, dentate gyrus (DG), subiculum, entorhinal
cortex (ERC), perirhinal cortex subdivided into Brodmann Areas 35 and
36 (PRC; BA35, BA36), and parahippocampal cortex (PHC) volumes (see
Fig. 1). Left and right subregional volumes were summed to provide
total subregional volumes. The resulting total subregional volumes were
then adjusted for total intracranial volume (TIV), by dividing the total
subregional volume by the individual’s TIV. The ratios were then
multiplied by 1000: (MTL subregional volume/TIV) x 1000. TIV was
obtained by implementing ANTs brain extraction and creating a binary
brain mask and calculating total volume of the brain mask.

2.4. Neuropsychological testing

Participants were administered the Rey Auditory Verbal Learning
Test (RAVLT), which assesses word list learning and memory, including
rate of learning, retention, and recognition memory. RAVLT delayed
recall has is sensitive to age-related memory decline (Andersson et al.,
2006; Vakil and Blachstein, 1997), and thus was used as the outcome
measure of primary interest. Other outcome measures of RAVLT,
including learning slope, percent forgetting, retroactive interference and
recognition, are reported in supplemental tables.

2.5. Statistical analysis

Statistical analyses were performed using SPSS Statistics v. 28. The
first three sets of analyses below were performed using linear re-
gressions. In the first set of analyses, we tested the separate associations
between regional and total WMH and RAVLT delayed recall scores. We
report associations between regional and total WMH and other RAVLT
outcome measures in Supplemental Table 1. In the second set of ana-
lyses, we tested associations between regional WMH and total MTL
subregional volumes in separate models. For associations found to be
significant between regional WMH and MTL total MTL subregional
volumes, we report associations with the regional WMH and lateralized
(left and right) MTL subregional volumes in Supplemental Table 2. MTL
subregions that were significantly associated with regional WMH were
subsequently included in the third set of analyses to separately test the
association between the specific MTL subregions and RAVLT delayed
recall. We report associations with between specific MTL subregions and
other RAVLT outcomes measures in Supplemental Table 3. The associ-
ations between the lateralized (left and right) MTL subregional volumes
and RAVLT delayed recall are reported in Supplementary Table 4. All
regression models adjusted for age, sex, and education. For analyses
testing associations between regional WMH and MTL subregions, mul-
tiple comparisons were corrected for using the Holm-Bonferroni
method. We then conducted mediation models that tested the effect of
regional WMH on delayed recall, with MTL subregional volume(s)
mediating this relationship, while adjusting for age, sex, and education.
Regional WMH that were associated with MTL subregional volumes
were included as the independent variable; MTL subregional volumes
that were associated with delayed recall were included as the mediator
(s). We used SPSS PROCESS macro v.3.5 (processmacro.org), written by
Andrew F. Hayes (Hayes, 2017) to perform the mediation models. A
standard mediation model (model 4) was used with the previously
defined independent, mediating, and dependent variables. We applied a
95 % confidence interval (CI) with 5000 bootstrap samples to examine
indirect effects. As post-hoc analyses, we tested whether findings would
remain when we included cognitive or diagnostic status as an additional
covariate in the above models, and separately tested whether effect sizes
of findings were similar when study cohort was added as an additional
covariate in the above models.

3. Results

One-hundred thirty-nine participants (88F, mean age = 76.95 +
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10.61) were included in the study. Table 1 displays their demographic
and other summary characteristics.

3.1. Associations between regional WMH and memory

We tested whether total and regional (lobar) WMH were associated
with RAVLT delayed recall, while adjusting for age, sex, and education.
We found that only increased occipital WMH were related to lower
RAVLT delayed recall scores (b = —2.009, 95 CIs [-3.929, —0.089], p =
0.040; Fig. 2A). Though trending in the same direction, there was no
longer a statistically significant association between occipital WMH and
RAVLT delayed recall once additionally controlling for cognitive status
(b=-1.343,95CIs [—-3.135, 0.448], p = 0.140). When adding cohort as
an additional covariate to the original model, the effect size remained
similar (b = —1.730).

3.2. Associations between regional WMH and MTL subregional volumes

We examined associations between total and regional WMH and MTL
subregional volumes, while adjusting for age, sex, and education. After
applying Holm-Bonferroni multiple comparison correction, increased
occipital WMH was associated with reduced CA1 (b = —0.254, 95 % Cls
[-0.408, —0.109], p = 0.001), DG (b = —0.163, 95 % CIs [-0.256,
—0.069], p < 0.001), BA36 volumes (b = —0.426, 95 % CIs [—0.686,
—0.167], p = 0.001; Fig. 2B), and PHC volumes (b = —0.212, 95 % CIs
[-0.366, —0.059], p = 0.007). No other regional or total WMH asso-
ciations with MTL volume survived Holm-Bonferroni correction. When
additionally controlling for cognitive status, findings remained statisti-
cally significant (CAl: b = -0.245, 95 % CIs [—0.393, —0.096], p =
0.001; DG: b = —0.155, 95 % CIs [—0.242, —0.068], p < 0.001; BA36: b
=—0.409, 95 % CIs [-0.658, —0.161], p =0.001; PHC: b = -0.203, 95 %
CIs [-0.352, —0.055], p = 0.008) Effect sizes of our findings remained
similar once cohort was added as an additional covariate to the original
models (CA1l: b = —0.247,DG: b = —0.156, BA36: b = —0.410, PHC: b =
—0.202).

3.3. Associations between MTL subregional volumes and delayed recall
memory

MTL subregions that were significantly associated with WMH after
applying Holm-Bonferroni correction were included in the second
analysis, in which we tested associations between MTL subregional
volumes and RAVLT delayed recall. All four MTL subregional volumes,
including CA1, DG, BA36, and PHC, were also significantly associated
with RAVLT delayed recall performance (CAl: b = 2.114, 95 % CIs
[0.115, 4.113], p = 0.038; DG: b = 3.956, 95 % CIs [0.737, 7.176], p =
0.016; BA36: b = 2.445, 95 % CIs [1.263, 3.628], p < 0.001; PHC: b =
2.381, 95 % CIs [0.222, 4.541], p = 0.031; Fig. 2C). In additionally
controlling for cognitive status, only the association between BA36
volume and RAVLT delayed recall remained statistically significant (b =
1.727, 95 % CIs [0.515, 2.938], p = 0.006). Effect sizes of our findings
remained similar once cohort was added as an additional covariate to
the original models (CA1: b = 1.775; DG: b = 3.216; BA36: b = 2.201;
PHC: b = 1.851).

3.4. MTL subregional volumes mediate the effect of WMH on delayed
recall memory

Four separate mediation models were run, informed by the previous
analyses. As only occipital WMH were associated with memory and with
MTL subregional volumes, it was included in the mediation model as the
primary independent variable. CA1l, DG, BA36, and PHC volumes were
associated with both occipital WMH and with delayed recall, and thus
were included as mediators separately in the four models. We found
there was no direct effect of occipital WMH on delayed recall in any
mediation model (M = CA1: b = —1.513, p = 0.150, 95 % CIs [—3.580,
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Fig. 2. In all three scatterplots, cognitive status is color-coded, with cognitively unimpaired (CU) in blue and cognitively impaired (CI) in purple. (A) A scatterplot of
the negative association between square root transformed occipital WMH and delayed recall. (B). A scatterplot of the negative association between square root
transformed occipital WMH and BA36 volume (TIV adjusted ratio). (C). A scatterplot of the positive association between BA36 volume (TIV adjusted ratio) and
delayed recall. Other significant associations found that were not involved in the mediation model (as seen in Fig. 3) can be found in Supplemental materials. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

0.554]; M =DG: b =-1.399, p = 0.183, 95 % CIs [—3.467, 0.668]; M =
BA36: b = -0.865, p = 0.386, 95 % CIs [-2.837, 1.106]; M = PHC: b =
—1.528, p = 0.140, 95 % CIs [-3.565, 0.506]). However, there was an
indirect effect of occipital WMH on delayed recall and that only BA36
volume mediated this association (M = BA36: b = —1.052, 95 % CIs
[—2.184, —0.233]; Fig. 3). In additionally controlling for cognitive
status, the finding of the indirect effect remained statistically significant
(M = BA36: b= —0.7100, 95 % CIs [-1.570, —0.1108]). The effect size
of the indirect effect was similar when cohort was included as an
additional covariate to the original model (M = BA36: b = —0.8905).

4. Discussion

We interrogated the relationships among regional WMH, MTL sub-
regional volumes, and delayed memory in older adults. We found that
only occipital WMH burden was associated with lower RAVLT delayed
recall performance. Increased occipital WMH was also associated with
reduced CAl, DG, perirhinal cortical (BA36), and parahippocampal
cortical (PHC) volumes. CA1, DG, perirhinal cortical (BA36) and para-
hippocampal volumes were related to worse RAVLT delayed recall in
these older adults. Furthermore, in a mediation test, we found that oc-
cipital WMH had an indirect effect on delayed recall with perirhinal
cortex (BA36) volume fully mediating this association.

Our results provide new evidence that regional patterns of small
vessel cerebrovascular disease, here measured as lobar WMH volume,
exhibits associations with medial temporal and hippocampal subre-
gional volumes in older adults without dementia. Increased occipital
WMH volume was related to lower volumes of CAl, DG, perirhinal
cortex (BA36), and parahippocampal cortex (PHC) — all of which are
structures that have been found to be critical to episodic memory for-
mation and retrieval in older adults (Bennett et al., 20192019; Burke
et al., 2018). Our results are somewhat in contrast to a recent study (Pin

Perirhinal Cortex
(BA36) volume

b=2.4681*
(Direct effect) ¢’ = -0.8654
Occipital WMH (Indirect effect) ab = -1.0523* RAVLT Delayed
Recall

Fig. 3. In this mediation model, there is an indirect effect where perirhinal
cortex (BA36) volume mediates the relationship between occipital WMH and
RAVLT delayed recall. Path a: b = —0.426, p = 0.0015; Path b: b = 2.4681, p =
0.0003; Path ¢’ (Direct effect): b = —0.8654, 95 % CIs [-2.8366, 1.1058]; Path
ab (Indirect effect): b = —1.0523, 95 % CIs [-2.1835, —0.2328].

et al., 2021) suggesting that WMH were related to longitudinal atrophy
of the subiculum in aging participants, although they did not relate this
association to neuropsychological outcome measures. Another study in
older adults with depression showed that depressed older individuals
had smaller perirhinal (BA36) volumes and that higher temporal WMH
volume was related to lower BA36 volume (Taylor et al., 2020).

The DG is known to be important for pattern separation — the ability
to store similar experiences using non-overlapping neural codes (Yassa
and Stark, 2011), which is known to be compromised with aging and
AD. The CA1l is the hippocampus’ major output pathway and is also
known to be impacted by aging and AD (Small et al., 2004). Similarly,
the parahippocampal and perirhinal cortices undergo early age-related
structural changes and have important implications for episodic mem-
ory decline (Echavarri et al., 2011; Schmidt-Wilcke et al., 2009).
Importantly, the perirhinal cortex and the transentorhinal regions are
among the first to deposit tau pathology in AD (Braak and Braak, 1991),
and regional accumulation of tau in the temporal lobes as measured by
tau PET is correlated with atrophy of the perirhinal cortex (Sone et al.,
2017). Mechanistically, it is possible that WMH may increase suscepti-
bility to neurodegeneration in areas typically affected in AD such as the
MTL via their role in promoting tau hyperphosphorylation (Laing et al.,
2020).

A potentially surprising aspect of our findings was that only occipital
WMH of the regionally subdivided WMH volumes was related to lower
MTL and hippocampal subregional volumes. While we may have not
expected this pattern to be restricted to occipital WMH, previous work
has indeed demonstrated that posterior WMH, including parietal and
occipital WMH, are more linked to earlier AD onset in older adults (Lee
et al., 2016). Additionally, posterior WMH has been associated with
greater entorhinal cortical thinning, along with an increase in longitu-
dinal CSF tau (Rizvi et al., 2021; Tosto et al., 2015). The neurobiological
mechanism by which posterior WMH contribute more to cognitive
decline is yet to be elucidated. One possible mechanism could be related
to the vascular supply to these regions. As the posterior cerebral artery
(PCA) supplies blood to posterior areas, hippocampus, and areas of the
MTL (Brandt et al., 2000), a possible explanation may be that lower
perfusion leads to increased posterior WMH, which has also been linked
to tau accumulation (Laing et al., 2020; Tosto et al., 2015) and subse-
quent MTL neurodegeneration (Liu et al., 2018).

There were some limitations of this study that are important to note.
First, this study was conducted in a convenience sample that is
comprised of predominantly affluent, highly educated, non-Hispanic
white participants, which is not representative of an ethnically and so-
cioeconomically diverse population. Second, due to a cross-sectional
study design, this study cannot infer longitudinal relationships. Lastly,
we did not have the ability to examine how clinical diagnosis would
interact with these associations, due to a very limited number of in-
dividuals with mild cognitive impairment and the absence of patients
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with dementia. We felt it was important to not exclude those who
classified as cognitively impaired as to maintain sufficient parametric
range with respect to neuropsychological test performance. Future work
should attempt to incorporate data from more diverse samples, increase
the representation across the clinical impairment spectrum, as well as
follow participants longitudinally to monitor the onset of these
biomarker features over time. Additional inclusion of markers of AD
neurodegenerative pathology such as tau PET will also help understand
whether spatial colocalization of tau and MTL atrophy occurs as a result
of posterior WMH.

In summary, the current work demonstrates the potential role of
WMH in MTL atrophy, specifically increased posterior WMH burden in
relation to lower volume of hippocampal subfields and surrounding
cortex. The study specifically identified an association between occipital
WMH and word list delayed recall, whereby perirhinal cortex (BA36)
volume fully mediated this association. This work highlights the rele-
vance of cerebrovascular pathology to neurodegenerative changes and
cognitive decline even in older adults without dementia. It also suggests
that examining modifiable vascular risk factors that can lower cere-
brovascular burden could potentially reduce or slow down neurode-
generative cascades and thereby stem memory loss in older adults,
particularly those at increased risk for AD.

Funding

This research was supported by the BEACON Study (NIA
R0O1AG053555 to M.A.Y.), the 90+ study (NIA RO1AG021055 to C.H.K.
and M.M.C.) and the Alzheimer’s Disease Research Center at UC Irvine
(NIA P30 AG066519).

CRediT authorship contribution statement

Batool Rizvi: Conceptualization, Formal analysis, Methodology,
Visualization, Writing — original draft, Writing — review & editing.
Mithra Sathishkumar: Methodology. Soyun Kim: Data curation.
Freddie Marquez: Data curation. Steven J. Granger: Data curation.
Myra S. Larson: Data curation. Blake A. Miranda: Data curation.
Martina K. Hollearn: Data curation. Liv McMillan: Project adminis-
tration. Bin Nan: Methodology. Nicholas J. Tustison: Methodology.
Patrick J. Lao: Methodology, Writing — review & editing. Adam M.
Brickman: Methodology, Writing — review & editing. Dana Greenia:
Data curation. Maria M. Corrada: Funding acquisition. Claudia H.
Kawas: Funding acquisition. Michael A. Yassa: Conceptualization,
Funding acquisition, Project administration, Supervision, Writing — re-
view & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nicl.2022.103308.

References

Andersson, C., Lindau, M., Almkvist, O., Engfeldt, P., Johansson, S.-E., Jonhagen, M.E.,
2006. Identifying patients at high and low risk of cognitive decline using Rey
Auditory Verbal Learning Test among middle-aged memory clinic outpatients.
Dement. Geriatr. Cogn. Disord. 21 (4), 251-259.

Neurolmage: Clinical 37 (2023) 103308

Apostolova, L.G., Mosconi, L., Thompson, P.M., Green, A.E., Hwang, K.S., Ramirez, A.,
Mistur, R., Tsui, W.H., de Leon, M.J., 2010. Subregional hippocampal atrophy
predicts Alzheimer’s dementia in the cognitively normal. Neurobiol. Aging 31 (7),
1077-1088.

Bennett, 1.J., Stark, S.M., Stark, C.E.L., Anderson, N., 2019. Recognition memory
dysfunction relates to hippocampal subfield volume: a study of cognitively Normal
and mildly impaired older adults. J. Gerontol.: Ser. B. 74 (7), 1132-1141.

Birdsill, A.C., Koscik, R.L., Jonaitis, E.M., Johnson, S.C., Okonkwo, O.C., Hermann, B.P.,
LaRue, A., Sager, M.A., Bendlin, B.B., 2014. Regional white matter hyperintensities:
aging, Alzheimer’s disease risk, and cognitive function. Neurobiol. Aging 35 (4),
769-776.

Braak, H., Braak, E., 1991. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. 82 (4), 239-259.

Brandt, T., Steinke, W., Thie, A., Pessin, M.S., Caplan, L.R., 2000. Posterior cerebral
artery territory infarcts: clinical features, infarct topography, causes and outcomel.
Cerebrovasc. Dis. 10 (3), 170-182.

Brickman, A.M., 2013. Contemplating Alzheimer’s disease and the contribution of white
matter hyperintensities. Curr. Neurol. Neurosci. Rep. 13 (12), 415.

Brugulat-Serrat, A., Salvado, G., Sudre, C.H., Grau-Rivera, O., Suarez-Calvet, M.,
Falcon, C., Sanchez-Benavides, G., Gramunt, N., Fauria, K., Cardoso, M.J.,
Barkhof, F., Molinuevo, J.L., Gispert, J.D., 2020. Patterns of white matter
hyperintensities associated with cognition in middle-aged cognitively healthy
individuals. Brain Imaging Behav. 14 (5), 2012-2023.

Burke, S.N., Gaynor, L.S., Barnes, C.A., Bauer, R.M., Bizon, J.L., Roberson, E.D., Ryan, L.,
2018. Shared functions of perirhinal and parahippocampal cortices: implications for
cognitive aging. Trends Neurosci. 41 (6), 349-359.

Chauveau, L., Kuhn, E., Palix, C., Felisatti, F., Ourry, V., de La Sayette, V., Chételat, G., de
Flores, R., 2021. Medial temporal lobe subregional atrophy in aging and Alzheimer’s
disease: a longitudinal study. Front. Aging Neurosci. 13.

De Flores, R., La Joie, R., Chételat, G., 2015. Structural imaging of hippocampal subfields
in healthy aging and Alzheimer’s disease. Neuroscience 309, 29-50.

Echavarri, C., Aalten, P., Uylings, H.B.M., Jacobs, H.L.L., Visser, P.J., Gronenschild, E.H.
B.M., Verhey, F.R.J., Burgmans, S., 2011. Atrophy in the parahippocampal gyrus as
an early biomarker of Alzheimer’s disease. Brain Struct. Funct. 215 (3-4), 265-271.

Eichenbaum, H., 2000. A cortical-hippocampal system for declarative memory. Nat. Rev.
Neurosci. 1 (1), 41-50.

Garnier-Crussard, A., Bougacha, S., Wirth, M., Dautricourt, S., Sherif, S., Landeau, B.,
Gonneaud, J., De Flores, R., de la Sayette, V., Vivien, D., Krolak-Salmon, P.,
Chételat, G., 2022. White matter hyperintensity topography in Alzheimer’s disease
and links to cognition. Alzheimers Dement. 18 (3), 422-433.

Geerlings, M.I., Appelman, A.P.A., Vincken, K.L., Mali, W.P.T.M., 2009. Association of
white matter lesions and lacunar infarcts with executive functioning: the SMART-MR
study. Am. J. Epidemiol. 170 (9), 1147-1155.

Gunning-Dixon, F.M., Raz, N., 2000. The cognitive correlates of white matter
abnormalities in normal aging: a quantitative review. Neuropsychology 14 (2),
224-232. https://doi.org/10.1037//0894-4105.14.2.224.

Gunning-Dixon, F.M., Raz, N., 2003. Neuroanatomical correlates of selected executive
functions in middle-aged and older adults: a prospective MRI study.
Neuropsychologia 41 (14), 1929-1941. https://doi.org/10.1016/50028-3932(03)
00129-5.

Hayes, A.F., 2017. Introduction to mediation, moderation, and conditional process
analysis: a regression-based approach. Guilford Publications.

Holbrook, A.J., Tustison, N.J., Marquez, F., Roberts, J., Yassa, M.A., Gillen, D.L., 2020.
Anterolateral entorhinal cortex thickness as a new biomarker for early detection of
Alzheimer’s disease. Alzheimer’s & Dement.: Diagn. Assess. Dis. Monit. 12 (1),
e12068.

Klein, A., Tourville, J., 2012. 101 labeled brain images and a consistent human cortical
labeling protocol. Front. Neurosci. 6, 171.

Kuijf, H.J., Casamitjana, A., Collins, D.L., Dadar, M., Georgiou, A., Ghafoorian, M.,

Jin, D., Khademi, A., Knight, J., Li, H., Llado, X., Biesbroek, J.M., Luna, M.,
Mahmood, Q., McKinley, R., Mehrtash, A., Ourselin, S., Park, B.-Y., Park, H., Park, S.
H., Pezold, S., Puybareau, E., De Bresser, J., Rittner, L., Sudre, C.H., Valverde, S.,
Vilaplana, V., Wiest, R., Xu, Y., Xu, Z., Zeng, G., Zhang, J., Zheng, G., Heinen, R.,
Chen, C., van der Flier, W., Barkhof, F., Viergever, M.A., Biessels, G.J., Andermatt, S.,
Bento, M., Berseth, M., Belyaev, M., Cardoso, M.J., 2019. Standardized assessment of
automatic segmentation of white matter hyperintensities and results of the WMH
segmentation challenge. IEEE Trans. Med. Imaging 38 (11), 2556-2568.

Laing, K.K., Simoes, S., Baena-Caldas, G.P., Lao, P.J., Kothiya, M., Igwe, K.C.,
Chesebro, A.G., Houck, A.L., Pedraza, L., Herndndez, A.1., Li, J., Zimmerman, M.E.,
Luchsinger, J.A., Barone, F.C., Moreno, H., Brickman, A.M., 2020. Cerebrovascular
disease promotes tau pathology in Alzheimer’s disease. Brain Commun. 2 (2).

Lee, S., Viqar, F., Zimmerman, M.E., Narkhede, A., Tosto, G., Benzinger, T.L.S.,
Marcus, D.S., Fagan, A.M., Goate, A., Fox, N.C., Cairns, N.J., Holtzman, D.M.,
Buckles, V., Ghetti, B., McDade, E., Martins, R.N., Saykin, A.J., Masters, C.L.,
Ringman, J.M., Ryan, N.S., Forster, S., Laske, C., Schofield, P.R., Sperling, R.A.,
Salloway, S., Correia, S., Jack, C., Weiner, M., Bateman, R.J., Morris, J.C.,
Mayeux, R., Brickman, A.M., 2016. White matter hyperintensities are a core feature
of Alzheimer’s disease: evidence from the dominantly inherited Alzheimer network.
Ann. Neurol. 79 (6), 929-939.

Li, H., Jiang, G., Zhang, J., Wang, R., Wang, Z., Zheng, W.-S., Menze, B., 2018. Fully
convolutional network ensembles for white matter hyperintensities segmentation in
MR images. Neuroimage 183, 650-665.

Liu, M., Nie, Z.-Y., Li, R.-R., Zhang, W., Wang, H., He, Y.-S., Zhao, L.-J., Li, Y.-X., 2018.
Correlation of brain perfusion with white matter hyperintensity, brain atrophy, and
cognition in patients with posterior cerebral artery stenosis and subjective cognitive
decline. Med. Sci. Monit.: Int. Med. J. Exp. Clin. Res. 24, 5729-5738.


https://doi.org/10.1016/j.nicl.2022.103308
https://doi.org/10.1016/j.nicl.2022.103308
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0005
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0005
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0005
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0005
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0010
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0010
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0010
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0010
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0015
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0015
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0015
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0020
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0020
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0020
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0020
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0025
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0025
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0030
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0030
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0030
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0035
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0035
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0040
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0040
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0040
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0040
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0040
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0045
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0045
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0045
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0050
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0050
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0050
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0055
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0055
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0060
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0060
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0060
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0065
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0065
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0070
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0070
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0070
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0070
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0075
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0075
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0075
https://doi.org/10.1037//0894-4105.14.2.224
https://doi.org/10.1016/s0028-3932(03)00129-5
https://doi.org/10.1016/s0028-3932(03)00129-5
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0090
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0090
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0095
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0095
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0095
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0095
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0100
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0100
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0105
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0110
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0110
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0110
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0110
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0115
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0120
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0120
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0120
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0125
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0125
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0125
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0125

B. Riavi et al.

Moran, C., Phan, T.G., Srikanth, V.K., 2012. Cerebral small vessel disease: a review of
clinical, radiological, and histopathological phenotypes. Int. J. Stroke 7 (1), 36-46.

Mortamais, M., Artero, S., Ritchie, K., de la Torre, J.C., 2014. White matter
hyperintensities as early and independent predictors of Alzheimer’s disease risk.

J. Alzheimers Dis. 42 (s4), S393-S400.

Olsen, R.K., Yeung, L.-K., Noly-Gandon, A., D’Angelo, M.C., Kacollja, A., Smith, V.M.,
Ryan, J.D., Barense, M.D., 2017. Human anterolateral entorhinal cortex volumes are
associated with cognitive decline in aging prior to clinical diagnosis. Neurobiol.
Aging 57, 195-205.

Pin, G., Coupé, P., Nadal, L., Manjon, J.V., Helmer, C., Amieva, H., Mazoyer, B.,
Dartigues, J.-F., Catheline, G., Planche, V., 2021. Distinct hippocampal subfields
atrophy in older people with vascular brain injuries. Stroke 52 (5), 1741-1750.

Prasad, K., Wiryasaputra, L., Ng, A., Kandiah, N., 2011. White matter disease
independently predicts progression from mild cognitive impairment to Alzheimer’s
disease in a clinic cohort. Dement. Geriatr. Cogn. Disord. 31 (6), 431-434.

Prins, N.D., van Dijk, E.J., den Heijer, T., Vermeer, S.E., Jolles, J., Koudstaal, P.J.,
Hofman, A., Breteler, M.M.B., 2005. Cerebral small-vessel disease and decline in
information processing speed, executive function and memory. Brain 128 (9),
2034-2041.

Rizvi, B., Narkhede, A., Last, B.S., Budge, M., Tosto, G., Manly, J.J., Schupf, N.,
Mayeux, R., Brickman, A.M., 2018. The effect of white matter hyperintensities on
cognition is mediated by cortical atrophy. Neurobiol. Aging 64, 25-32.

Rizvi, B., Lao, P.J., Coldn, J., Hale, C., Igwe, K.C., Narkhede, A., Budge, M., Manly, J.J.,
Schupf, N., Brickman, A.M., 2020. Tract-defined regional white matter
hyperintensities and memory. Neurolmage: Clinical 25, 102143.

Rizvi, B., Lao, P.J., Chesebro, A.G., Dworkin, J.D., Amarante, E., Beato, J.M.,
Gutierrez, J., Zahodne, L.B., Schupf, N., Manly, J.J., Mayeux, R., Brickman, A.M.,
2021. Association of regional white matter hyperintensities with longitudinal
Alzheimer-like pattern of neurodegeneration in older adults. JAMA Netw. Open 4
(10), e2125166.

Schmidt-Wilcke, T., Poljansky, S., Hierlmeier, S., Hausner, J., Ibach, B., 2009. Memory
performance correlates with gray matter density in the ento-/perirhinal cortex and
posterior hippocampus in patients with mild cognitive impairment and healthy
controls—a voxel based morphometry study. Neuroimage 47 (4), 1914-1920.

Small, S.A., Chawla, M.K., Buonocore, M., Rapp, P.R., Barnes, C.A., 2004. Imaging
correlates of brain function in monkeys and rats isolates a hippocampal subregion
differentially vulnerable to aging. Proc. Natl. Acad. Sci. 101 (18), 7181-7186.

Sone, D., Imabayashi, E., Maikusa, N., Okamura, N., Furumoto, S., Kudo, Y., Ogawa, M.,
Takano, H., Yokoi, Y., Sakata, M., Tsukamoto, T., Kato, K., Matsuda, H., 2017.
Regional tau deposition and subregion atrophy of medial temporal structures in

Neurolmage: Clinical 37 (2023) 103308

early Alzheimer’s disease: a combined positron emission tomography/magnetic
resonance imaging study. Alzheimer’s & Dement.: Diagn. Assess. Dis. Monit. 9 (1),
35-40.

Squire, L.R., Stark, C.E.L., Clark, R.E., 2004. The medial temporal lobe. Annu. Rev.
Neurosci. 27 (1), 279-306.

Swardfager, W., Cogo-Moreira, H., Masellis, M., Ramirez, J., Herrmann, N., Edwards, J.
D., Saleem, M., Chan, P., Yu, D.i., Nestor, S.M., Scott, C.J.M., Holmes, M.F.,
Sahlas, D.J., Kiss, A., Oh, P.L, Strother, S.C., Gao, F., Stefanovic, B., Keith, J.,
Symons, S., Swartz, R.H., Lanctot, K.L., Stuss, D.T., Black, S.E., 2018. The effect of
white matter hyperintensities on verbal memory: Mediation by temporal lobe
atrophy. Neurology 90 (8), e673-e682.

Taylor, W.D., Deng, Y.i., Boyd, B.D., Donahue, M.J., Albert, K., McHugo, M.,
Gandelman, J.A., Landman, B.A., 2020. Medial temporal lobe volumes in late-life
depression: effects of age and vascular risk factors. Brain Imaging Behav. 14 (1),
19-29.

Tosto, G., Zimmerman, M.E., Hamilton, J.L., Carmichael, O.T., Brickman, A.M., AsDN, L.,
2015. The effect of white matter hyperintensities on neurodegeneration in mild
cognitive impairment. Alzheimers Dement. 11 (12), 1510-1519.

Tustison, N.J., Cook, P.A., Klein, A., Song, G., Das, S.R., Duda, J.T., Kandel, B.M., van
Strien, N., Stone, J.R., Gee, J.C., Avants, B.B., 2014. Large-scale evaluation of ANTs
and FreeSurfer cortical thickness measurements. Neuroimage 99, 166-179.

Tustison, N.J., Cook, P.A., Holbrook, A.J., Johnson, H.J., Muschelli, J., Devenyi, G.A.,
Duda, J.T., Das, S.R., Cullen, N.C., Gillen, D.L., Yassa, M.A., Stone, J.R., Gee, J.C.,
Avants, B.B., 2021. The ANTsX ecosystem for quantitative biological and medical
imaging. Sci. Rep. 11 (1).

Vakil, E., Blachstein, H., 1997. Rey AVLT: Developmental norms for adults and the
sensitivity of different memory measures to age. Clin. Neuropsychol. 11 (4),
356-369.

Wisse, L.E.M., Biessels, G.J., Heringa, S.M., Kuijf, H.J., Koek, D.(H.).L., Luijten, P.R.,
Geerlings, M.I., 2014. Hippocampal subfield volumes at 7T in early Alzheimer’s
disease and normal aging. Neurobiol. Aging 35 (9), 2039-2045.

Xie, L., Wisse, L.E.M., Das, S.R., Vergnet, N., Dong, M., Ittyerah, R., Flores, R.,
Yushkevich, P.A., Wolk, D.A., 2020. Longitudinal atrophy in early Braak regions in
preclinical Alzheimer’s disease. Hum. Brain Mapp. 41 (16), 4704-4717.

Yassa, M.A., Stark, C.E., 2011. Pattern separation in the hippocampus. Trends Neurosci.
34 (10), 515-525.

Yushkevich, P.A,, Pluta, J.B., Wang, H., Xie, L., Ding, S.-L., Gertje, E.C., Mancuso, L.,
Kliot, D., Das, S.R., Wolk, D.A., 2015. Automated volumetry and regional thickness
analysis of hippocampal subfields and medial temporal cortical structures in mild
cognitive impairment. Hum. Brain Mapp. 36 (1), 258-287.


http://refhub.elsevier.com/S2213-1582(22)00373-4/h0130
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0130
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0135
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0135
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0135
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0140
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0140
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0140
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0140
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0145
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0145
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0145
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0150
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0150
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0150
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0155
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0155
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0155
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0155
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0160
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0160
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0160
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0165
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0165
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0165
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0170
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0170
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0170
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0170
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0170
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0175
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0175
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0175
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0175
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0180
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0180
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0180
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0185
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0190
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0190
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0195
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0200
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0200
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0200
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0200
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0205
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0205
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0205
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0210
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0210
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0210
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0215
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0215
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0215
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0215
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0220
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0220
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0220
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0225
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0225
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0225
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0230
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0230
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0230
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0235
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0235
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0240
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0240
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0240
http://refhub.elsevier.com/S2213-1582(22)00373-4/h0240

	Posterior white matter hyperintensities are associated with reduced medial temporal lobe subregional integrity and long-ter ...
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Magnetic resonance imaging
	2.3 MRI analyses
	2.3.1 White matter hyperintensities segmentation
	2.3.2 MTL subregional volumes:

	2.4 Neuropsychological testing
	2.5 Statistical analysis

	3 Results
	3.1 Associations between regional WMH and memory
	3.2 Associations between regional WMH and MTL subregional volumes
	3.3 Associations between MTL subregional volumes and delayed recall memory
	3.4 MTL subregional volumes mediate the effect of WMH on delayed recall memory

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


