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Abstract.

Background: Patients with Alzheimer’s disease (AD) demonstrate progressive white matter atrophy and myelin loss.
Restoring myelin content or preventing demyelination has been suggested as a therapeutic approach for AD.

Objective: Herein, we investigate the effects of non-invasive, combined visual and auditory gamma-sensory stimulation on
white matter atrophy and myelin content loss in patients with AD.

Methods: In this study, we used the magnetic resonance imaging (MRI) data from the OVERTURE study (NCT03556280), a
randomized, controlled, clinical trial in which active treatment participants received daily, non-invasive, combined visual and
auditory, 40 Hz stimulation for six months. A subset of OVERTURE participants who meet the inclusion criteria for detailed
white matter (N =38) and myelin content (N = 36) assessments are included in the analysis. White matter volume assessments
were performed using T1-weighted MRI, and myelin content assessments were performed using T1-weighted/T2-weighted
MRI. Treatment effects on white matter atrophy and myelin content loss were assessed.

Results: Combined visual and auditory gamma-sensory stimulation treatment is associated with reduced total and regional
white matter atrophy and myelin content loss in active treatment participants compared to sham treatment participants. Across
white matter structures evaluated, the most significant changes were observed in the entorhinal region.

Conclusions: The study results suggest that combined visual and auditory gamma-sensory stimulation may modulate neuronal
network function in AD in part by reducing white matter atrophy and myelin content loss. Furthermore, the entorhinal region
MRI outcomes may have significant implications for early disease intervention, considering the crucial afferent connections
to the hippocampus and entorhinal cortex.
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INTRODUCTION comorbidities [2], thus complicating the identifica-
tion of effective treatment strategies. Although AD

The multifactorial [1] etiology of Alzheimer’s is characterized by the presence of amyloid- (AB)
disease (AD) is often associated with several containing extracellular plaques and tau-containing

intracellular neurofibrillary tangles, decreased synap-
tic density is an early feature of AD [3]. Recent
) - X studies expanded the concept of brain plasticity to
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strategy [6]. White matter degeneration can affect
brain function and connectivity, as myelin ensheathes
axons and facilitates local and distant communica-
tion. Due to the crucial role of myelin in electrical
impulse conduction within neuronal networks, longi-
tudinal evaluation of white matter volume and myelin
content could provide valuable insight into AD pro-
gression.

Previous studies have evaluated myelin con-
tent through routinely collected magnetic resonance
imaging (MRI) to facilitate clinical implementa-
tion, especially when access to advanced quantitative
MRI techniques may not be readily available.
This approach utilizes T1-weighted (T1w) and T2-
weighted (T2w) MRI acquisition sequences. T1w
sequences are used to study anatomical structures
of the brain. Due to the short relaxation time, T1w
sequences are characterized by better contrast-to-
noise ratio in white matter. The intensities of white
matter in T1w sequences are provided by the spatial
distribution of myelin-bound cholesterol, which con-
tributes the most to the contrast in Tlw images of
the brain. On the other hand, given that T2 relaxation
time is associated with proton transfers, molecular
exchange, and diffusion of water, T2w sequences
can be applied to better differentiate structural dif-
ferences in regions with high water content, which
is important for many disease process diagnoses.
Since molecular motion of protons is constrained by
hydrophobic properties of the lipid bilayer in myelin,
relatively larger myelin content results in relatively
lower intensity on T2w images. Therefore, T1w/T2w
ratio images can provide a proxy estimate of myelin
content and are used as a practical option to study
myelin content.

Previous studies have demonstrated positive
effects of 40 Hz gamma-sensory stimulation in AD
transgenic mouse models [7-10] and in patients
across the AD spectrum [11-13]. However, the poten-
tial impact of the gamma stimulation therapy on white
matter volume and myelin content has not been stud-
ied. Of special interest are white matter changes in the
entorhinal region, which contain bidirectional con-
nections that support information transfer between
cortical and hippocampal networks impacted in the
early stages of AD, as shown in histological and neu-
roimaging studies [14].

Herein, we describe the effect of combined visual
and auditory 40 Hz gamma-sensory stimulation on
changes in white matter volume and myelin content
in patients with mild cognitive impairment (MCI) or
mild-moderate AD using volumetric MRI (T1w) and

T1w/T2w ratios to evaluate white matter atrophy and
regional differences in myelin content, respectively.
We hypothesize that daily 1-h combined visual and
auditory 40 Hz gamma-sensory stimulation therapy
for a 6-month period may prevent oligodendrocyte
damage or modify other pathological processes that
may lead to a reduction in myelin loss, protect axons,
and attenuate white matter atrophy in patients with
MCI or mild-moderate AD.

MATERIALS AND METHODS
Study population and design

This analysis is based on data from the OVER-
TURE, Phase /I randomized, placebo-controlled
clinical trial (NCT03556280), https://clinicaltrials.
gov/ct2/show/NCT03556280. The study evaluated
the safety, tolerability, adherence, and efficacy of
combined visual and auditory gamma-sensory stim-
ulation treatment in participants with MCI and
mild-moderate AD (Mini-Mental State Examination
(MMSE) scores 14-26). The study was reviewed and
approved by Advarra IRB (FDA IORG#0000635,
OHRA IRB Registration #00000971). Informed con-
sent was obtained from all participants. In cases
where subjects were not competent to provide
informed consent, a Legally Authorized Represen-
tative provided it and the individual participant
assented to the research. At screening, partici-
pants with confounding pathology, such as ischemic
stroke, intracerebral macro-hemorrhages, or more
than four micro-hemorrhages, were excluded. Exclu-
sion criteria also included profound hearing or visual
impairments, seizure history, and the use of anti-
seizure/anti-epileptic medication. During the trial,
cholinesterase inhibitors were permitted at a sta-
ble dose. Memantine was not permitted. During
OVERTURE, 46 participants were assigned to active
treatment, of which 33 completed the study, and
28 participants were assigned to sham treatment, of
which 20 completed the study. Active treatment group
participants received daily, 1-hour 40 Hz simultane-
ous audio-visual sensory stimulation for a 6-month
period while sham group participants received sham
stimulation for the same period. For each participant,
the volume of the auditory stimulation and the inten-
sity of the visual stimulation were set within a range
that was comfortable.

Analyses were conducted on all OVERTURE par-
ticipants who met none of the exclusion criteria: The
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exclusion criteria for white matter volumetric anal-
yses were as follows: (a) participants who declined
>4 standard deviations from the mean in multiple
efficacy measures (1 sham participant excluded); (b)
participants who did not have both baseline and end
of study (i.e., Month 6) data for structural MRI (22
participants excluded, of which 21 of them did not
complete the trial); (c) participants who did not have
a sufficient T1w image quality, including excessive
motion artifact and insufficient gray matter-white
matter contrast (13 participants excluded). Overall,
thirty-eight participants (25 Treatment and 13 Sham)
were included in white matter volumetric assess-
ments. Of the thirty-eight participants, two failed T2w
image quality due to reconstruction error, and a total
of thirty-six participants (24 Treatment and 12 Sham)
were included for longitudinal T1w/T2w white mat-
ter myelin content assessments.

Therapy device

The device used in this study was a gamma-sensory
stimulation device (Figure 1B of [13]) developed by
Cognito Therapeutics, Inc. It consisted of a hand-
held controller, an eye-set for visual stimulation, and
headphones for auditory stimulation. During the ther-
apy, participants could adjust the brightness of the
visual stimulation and the volume of the auditory
stimulation using push buttons on the controller. If
assistance is needed, they could communicate with a
care partner. The device captured usage information
and adherence data. All the information was uploaded
to a secured cloud server for remote monitoring.

MRI data acquisition

Structural MRI was acquired at Baseline, Month 3
and Month 6 using 1.5 Tesla MRI scanners. The study
adopted an ADNII comparable standardized MRI
scan protocol. For T1w, it included 1.25 x 1.25 mm
in-plane spatial resolution, 1.2mm thickness, TR
2400 ms and TE 3.65 ms for Siemens Espree scanner,
0.94 x 0.94 mm in-plane spatial resolution, 1.2-mm
thickness, TR ~3.9ms and TE 1.35 ms for General
Electric scanner Signa HDxt and 0.94 x 0.94 mm in-
plane spatial resolution, 1.2-mm thickness, TR 9.5 ms
and TE ~3.6 or 4ms for Philips Ingenia scanner
or Philips Achieva scanner. For T2w, it included
1 x 1 mmin-plane spatial resolution, 4 mm thickness,
TR 3000 ms and TE 96 ms for Siemens and GE scan-
ners and 1 x 1 mm in-plane spatial resolution, 4 mm
thickness, TR 3000 ms and TE 92 ms for Philips scan-
ner [15].

Parcellation

FreeSurfer’s standard reconstructive pipeline
(“recon-all”, version 7.2.0) was used to process and
automatically parcellate T1 MRI data into 68 pre-
defined, left and right hemispheres separated, white
matter structures [16-23]. Per hemisphere white
matter structures were joined to obtain 34 white mat-
ter structures that combined the two hemispheres.
FreeSurfer was also used to automatically gener-
ate 12, left and right hemispheres separated, lobar
white matter structures. Similarly, per hemisphere
lobar white matter structures were also joined to
obtain 6 lobar white matter structures that com-
bined the two hemispheres. We focus on these 52, 12
hemispherical-based and 34 + 6 joined, white matter
structures to assess changes in volume and myelin.

Mpyelin-reflecting contrast

To acquire a myelin-reflecting contrast, a non-
invasive imaging sensitive to the estimation of myelin
content was employed by using T1w/T2w ratio
[24-26]. This process included co-registration of the
T2w images to the T1w images using rigid transfor-
mation, inhomogeneity correction for both T1w and
T2w images and linear calibration of image inten-
sity using non-brain tissue masks to create T1w/T2w
ratio images corresponding to myelin content [27,
28]. TIw/T2w ratios were processed using MRTool
(v. 1.4.3, https://www.nitrc.org/projects/mrtool/),
the toolbox implemented in the SPMI12 soft-
ware (University College London, London, UK,
http://www.fil.ion.ucl.ac.uk/spm).

Statistical methods

Demographic and biomarker data of the active
treatment group participants and the sham group par-
ticipants were compared using two-sample 7-tests
for numerical data or chi-square tests for categori-
cal data. To evaluate the efficacy, we calculated the
change in volumetric data and myelin content in
each of the white matter structures using the formula
Change = 100*(VFollow—up/ VBaseline — 1) % where
V is the volume or the myelin content. The changes
were then assessed using a Bayesian linear mixed
effects model. Non-informative priors are used for all
effects of the model that includes total intracranial
volume, baseline MMSE score, baseline age, visit
(as number of days from the start of the treatment),
group, baseline MRI measures (volume for white


https://www.nitrc.org/projects/mrtool/
http://www.fil.ion.ucl.ac.uk/spm

362 X. Da et al. / Reducing White Matter Atrophy, Myelin Loss

matter atrophy assessment and sum of the T1w/T2w
ratios across each studied white matter structure for
myelin content assessment), group-visit interaction
and baseline MRI measure-visit interaction. Random
effects of the model include subject and site infor-
mation. The Kenward-Roger approximation of the
degrees of freedom was used. For volumetric analy-
sis, volume change (% change from baseline) and for
myelination analysis, sum of T1w/T2w ratio change
(% change from baseline) were assessed for each
studied white matter structure. All statistical analyses
were conducted using R (version 4.1.1).

RESULTS

Thirty-eight participants (25 Active Treatment, 13
Sham) who completed the 6-month study and whose
MRI met the study criteria were evaluated in the
volumetric analysis, whereas thirty-six (24 Active
Treatment, 12 Sham) were who met study criteria
evaluated in the T1w/T2w myelin content analysis
(T1w and T2w MRI images of a sample active treat-
ment participant and a sham participant can be found
in Supplementary Figure 1). At baseline, the sham
treated group were older than the active treatment
group (76.62 £9.97 versus 68.36 =7.69, p=0.02),
otherwise there were no significant differences in
sex, MMSE, Alzheimer’s Disease Cooperative Study
- Activities of Daily Living, APOE4 status, white
matter volume or T1w/T2w between the two groups
(Table 1). A baseline comparison of Fazekas scores
was conducted for the population where T1w/T2w
myelin analysis is performed: The active group had
1 participant with grade 0, 18 participants with grade
1, and 5 participants with grade 2. The sham group
had 8 participants with grade 1, 3 participants with
grade 2, and 1 participant with grade 3. There was
no statistically significant difference between the two
groups. In the participants receiving active treat-
ment, headaches, and tinnitus were the most reported
adverse events. There were no observations of ARIA-
E (vasogenic edema and sulcal effusions) or ARTA-H
(hemosiderin deposit).

Compared to baseline MRI values, we observed
that the active treatment group demonstrated
a 0.17+1.08% (1.06+5.35 cm?) increase and
the sham group demonstrated a -2.54+1.38%
(-12.374+6.81 cm?) decrease in total cerebral
white matter volume after a 6-month period,
representing a statistically significant difference
(»<0.038) (Fig. 1A). Furthermore, a statistically

significant (p <0.025) difference was also observed
in the myelin-reflecting TIw/T2w ratio between
groups; the active treatment group demonstrated a
—1.42 £2.35% decrease and the sham group demon-
strated a —6.19 &= 2.63% decrease (Fig. 1B).

Fifty-two distinct white matter structures were ana-
lyzed based on volume (Supplementary Table 1)
and myelin-reflecting T1w/T2w ratio (Supplemen-
tary Table 2) changes from baseline following a
6-month daily gamma visual and auditory sensory
stimulation. We observed that all statistically sig-
nificant changes favored the active treatment group:
Compared to the sham group, significant (p <0.05)
attenuation in volume loss was found in 12 of 52
structures: entorhinal region, left cingulate lobe, pars
triangularis region, cuneus region, lateral occipital
region, postcentral region, left occipital lobe, left
frontal lobe, left parietal lobe, occipital lobe, left tem-
poral lobe and caudal middle frontal region (sorted
in ascending order by p value) for the active treat-
ment group after 6 months of treatment (Fig. 2A, see
Fig. 2B for maps of T-statistics depicting the differ-
ences between the two groups in lobar white matter
volume). Forty Hz gamma-sensory stimulation ther-
apy for a 6-month period prevented white matter
atrophy in the entorhinal region: The active treatment
group demonstrated a 5.14 £3.66% (0.08 & 0.06
cm?’) increase, while the sham group demonstrated
a—7.60 +4.35% (-0.13 + 0.07 cm?) decrease in vol-
ume. The difference between these two groups was
statistically significant (p<0.002). The treatment
also trended in the direction of preventing volume loss
(0.05 <p<0.1) in the precentral region, paracentral
region, lingual region, fusiform region, frontal lobe,
rostral anterior cingulate region, inferior temporal
region, right occipital lobe, parietal lobe, rostral mid-
dle frontal, precuneus region, medial orbitofrontal
region, and temporal lobe (sorted in ascending order
by p value) (Fig. 2C). The full extended results
of volume changes for 52 white matter structures
from baseline for a 6-month period are shown in
Table 2.

Compared to the sham group, significantly less
myelin content loss (smaller T1w/T2w ratio change)
was observed in the entorhinal region, pars trian-
gularis region, postcentral region, left parietal lobe,
lateral occipital region, paracentral region, rostral
middle frontal region, supramarginal region, precen-
tral region, parietal lobe, right occipital lobe, fusiform
region, occipital lobe, left frontal lobe, cuneus region,
precuneus region, inferior parietal region, frontal
lobe, lingual region, left occipital lobe, left tempo-
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Table 1
Demographic, clinical, and white matter characteristics of the active treatment and the sham group participants at baseline

Active Treatment (n=25) Sham (n=13) P
Age, y, mean = SD 68.36 +7.69 76.62 +9.97 0.02
Sex, Male/Female 7/18 8/5 0.10
MMSE! score, mean & SD 20.64 £3.15 19.77 £3.27 0.44
ADCS-ADL! scale, mean + SD 64.88 £7.95 66.23 +10.83 0.70
Number (%) of APOE! £4 positive 13 (52.00%) 7 (53.85%) 1
White matter volume ", mean + SD 449.78 +71.57 459.07 +57.07 0.66
T1w/T2w?, mean & SD 1.34+ .23 1.294£0.30 0.61

TMMSE, Mini-Mental State Exam; f ADCS-ADL, Alzheimer’s Disease Cooperative Study - Activities of Daily Living; 1APOE, apolipopro-

tein E. T Unit: cm?. ¥ Active Treatment (n=24), Sham (n=12).
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Fig. 1. White matter volume and T1w/T2w ratio change from baseline (%) for a 6-month period; the statistically significant difference favors
the active treatment group. A) Least Squares (LS) Mean volume changes for the total cerebral white matter shows the significant difference
(p<0.038) between the Active Treatment group participants (Red) and the Sham group participants (Blue), favoring the Active Treatment
group. Error bars indicate SE. B) LS Mean sum of T1w/T2w ratio changes for the total cerebral white matter shows the significant difference
(p<0.025) between the Active Treatment group participants (Red) and the Sham group participants (Blue), favoring the Active Treatment

group. Error bars indicate SE.

ral lobe, right parietal lobe and pars orbitalis region
(Fig. 3A, white matter structures sorted in ascending
order by p value), indicating significant differences
(»<0.05) between the active treatment group and
the sham group (see Fig. 3B for maps of T-statistics
depicting the differences between the two groups in

lobar white matter myelin content). Within the 52
studied white matter structures, the most significant
myelin content T1w/T2w ratio change was also in the
entorhinal region. The active treatment group partic-
ipants exhibit a 2.78 4+ 4.97% increase from baseline
on T1w/T2w ratio while the sham group participants
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Fig. 2. White matter structures volume change from baseline (%) for a 6-month period; all statistically significant differences favor the active
treatment group. LS Mean volume changes for the white matter structures (A), sorted in ascending order by p-value, shows the significant
difference (p <0.05) between the Active Treatment group participants (Red) and the Sham group participants (Blue), favoring the active
treatment group. (B), Maps of the t-statistics showing LS Mean lobar white matter volume changes of the difference between the active
treatment group and sham group. The colorbar depicts the values of the T-maps after thresholding at the p =0.05 level; a high value indicates
more lobar white matter volume preservation in the active treatment group. The images are shown in neurological convention. LS Mean
volume changes for the white matter structures (C), sorted in ascending order by p value, shows the marginal difference (0.05 <p<0.1)
between the Active Treatment group participants (Red) and the Sham group participants (Blue), favoring the Active Treatment group. Error
bars indicate SE. **for p <0.01, *for 0.01 < p<0.05, and e for 0.05 <p<O0.1.

exhibit a —10.59 £ 5.63% decrease from baseline on
sum of TIw/T2w ratio (p<0.003), suggesting that
40 Hz gamma-sensory stimulation therapy for a 6-
month period may significantly protect myelination.
The treatment may also trend towards slowing down
demyelination (0.05 <p<0.1) in the right frontal

lobe, caudal middle frontal region, rostral anterior
cingulate region, superior frontal region, temporal
lobe, medial orbitofrontal region, posterior cingulate
region, superior parietal region, left cingulate lobe,
superior temporal region, cingulate lobe, and tempo-
ral pole region (Fig. 3C, white matter structures sorted
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LS Mean volume changes for 52 white matter structures from baseline (%) for a 6-month period. All the statistically significant changes
favor the Active Treatment group over the Sham group. Light orange shaded areas for p <0.01, light green shaded areas for 0.01 <p <0.05
and light-yellow shaded areas for 0.05 <p<0.1

Region Sham (n=13) Active Treatment (n=25) P
LS Mean Change + SE (%) LS Mean Change + SE (%)
Bankssts -1.33+1.62 -0.87+1.28 0.749
Caudal Anterior Cingulate -1.04+1.59 -0.80+1.26 0.868
Caudal Middle Frontal -0.25+2.19 2.42+2.03 0.049*
Cingulate Lobe -1.63+0.94 -0.30+0.73 0.136
Cuneus -2.88+2.08 1.31£1.86 0.009%*
Entorhinal -7.60+4.35 5.14+3.66 0.001%*
Frontal Lobe -2.09+1.43 0.43£1.12 0.067
Frontal Pole -0.01£3.37 1.89+2.52 0.576
Fusiform -2.90+1.82 0.37+1.41 0.064
Inferior Parietal -1.56+1.81 0.26+1.40 0.254
Inferior Temporal -3.60+2.11 0.16+1.61 0.074
Insula 0.10+1.65 0.13£1.36 0.982
Insula Lobe -0.06£1.75 0.07+1.45 0.935
Isthmus Cingulate -0.34+1.13 -0.01+0.92 0.752
Lateral Occipital -3.17£1.38 0.61+0.96 0.01*
Lateral Orbitofrontal -0.02+1.51 0.15%1.15 0.91
Left Cingulate Lobe -1.95+0.97 1.17+0.68 0.002%*
Left Frontal Lobe -2.54+1.47 0.73£1.13 0.022*
Left Insula Lobe 0.48+1.44 0.21£1.12 0.849
Left Occipital Lobe -2.53+1.70 1.57£1.15 0.019*
Left Parietal Lobe -2.40+1.71 0.91£1.33 0.024*
Left Temporal Lobe -3.27+1.86 0.63+1.42 0.031*
Lingual -2.80+1.52 -0.07+1.17 0.064
Medial Orbitofrontal -3.02+1.74 -0.21£1.39 0.093
Middle Temporal -2.22+1.59 -0.42+1.06 0.27
Occipital Lobe -2.90+1.48 0.48+1.04 0.029*
Paracentral -2.57£1.93 0.51+1.63 0.056
Parahippocampal 2.03+1.88 1.17+1.46 0.631
Parietal Lobe -1.91£1.67 0.61+1.29 0.082
Pars Opercularis -1.66+1.62 -0.43+1.25 0.434
Pars Orbitalis -2.60+2.18 0.76+1.69 0.114
Pars Triangularis -5.32+1.91 -0.21£1.57 0.004**
Pericalcarine -1.61£1.99 -0.92+1.66 0.69
Postcentral -2.21+1.61 1.48+1.31 0.012*
Posterior Cingulate -2.27+1.28 -0.94+1.01 0.263
Precentral -1.74+2.08 1.58+1.79 0.05
Precuneus -1.46+1.73 0.82+1.49 0.091
Right Cingulate Lobe -1.62+1.63 -2.02+1.33 0.789
Right Frontal Lobe -1.65+1.57 0.13%1.25 0.231
Right Insula Lobe -0.5442.45 0.06+2.04 0.778
Right Occipital Lobe -3.86+1.71 -0.91+1.38 0.077
Right Parietal Lobe -1.47+1.72 0.30+1.31 0.261
Right Temporal Lobe -2.07+1.68 -0.22+1.11 0.279
Rostral Anterior Cingulate -3.05+1.49 -0.45+1.14 0.071
Rostral Middle Frontal -2.69+1.56 -0.06+1.21 0.085
Superior Frontal -1.26+1.32 -0.07+1.03 0.352
Superior Parietal -1.25+1.52 -0.11+1.23 0.393
Superior Temporal -2.11+1.44 0.20+1.09 0.109
Supramarginal -1.42+1.46 0.49+1.21 0.111
Temporal Lobe -2.50+1.67 0.32+1.06 0.096
Temporal Pole -2.39+£2.62 -1.99+1.96 0.881
Transverse Temporal 1.44+2.59 0.53+2.16 0.683

in ascending order by p value). All myelin content
T1w/T2w ratio changes in the 52 white matter struc-
tures from baseline for a 6-month period are shown

in Table 3.

While the sham-treated group was older at baseline
and age was included as a covariate in our models, it
did not contribute significantly to any of the changes
we observed over the course of six months.
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Fig.3. T1w/T2w ratio change in white matter structures (% change from baseline) for a 6-month period; all statistically significant differences
favor the active treatment group. LS Mean sum of T1w/T2w ratio changes in the white matter structures (A), sorted in ascending order by
p-value, shows the significant difference (p <0.05) between the Active Treatment group participants (Red) and the Sham group participants
(Blue), favoring the active treatment group. (B), Maps of the t-statistics showing LS Mean lobar white matter myelin content changes of
the difference between the active treatment group and sham group. The colorbar depicts the values of the T-maps after thresholding at the
p=0.05 level; a high value indicates more lobar white matter myelin preservation in the active treatment group. The images are shown in
neurological convention. LS Mean sum of T1w/T2w ratio changes in the white matter structures (C), sorted in ascending order by p-value,
shows the marginal difference (0.05 <p<0.1) between the Active Treatment group participants (Red) and the Sham group participants
(Blue), favoring the Active Treatment group. Error bars indicate SE. **for p <0.01, *for 0.01 < p<0.05, and e for 0.05 <p<0.1.

DISCUSSION

Our data suggests that daily, 1-hour 40Hz
combined visual and auditory gamma-sensory stim-
ulation therapy for a 6-month period in participants
with AD resulted in reduced white matter atrophy

and myelin content loss compared to sham treat-
ment. We also consistently observed reduced myelin
content loss (T1w/T2w ratio) across the brain same
regions. Overall, the effect of gamma-sensory stimu-
lation on decreasing white matter atrophy and myelin
loss was greatest in the entorhinal region. Although
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LS Mean T1w/T2w ratio changes in 52 white matter structures from baseline (%) for a 6-month period. All the statistically significant
changes favor the Active Treatment group over the Sham group. Light orange shaded areas for p <0.01, light green shaded areas for
0.01 <p<0.05 and light-yellow shaded areas for 0.05 <p<0.1

Region Sham (n=12) Active Treatment (n=24) p
LS Mean Change = SE (%) LS Mean Change + SE (%)
Bankssts -4.09+2.58 -1.62+2.09 0.277
Caudal Anterior Cingulate -4.53£3.06 -0.80+2.57 0.186
Caudal Middle Frontal -5.39+2.83 -1.22+2.61 0.053
Cingulate Lobe -4.85+2.27 -1.18+1.98 0.075
Cuneus -6.62+3.02 -0.92+2.74 0.023*
Entorhinal -10.59+5.63 2.78+4.97 0.003**
Frontal Lobe -6.12+2.84 -1.56+2.65 0.027*
Frontal Pole -5.97+5.73 -1.49+5.33 0.211
Fusiform -7.05+2.84 -0.98+2.37 0.018*
Inferior Parietal -6.45+2.69 -1.29+£2.30 0.024*
Inferior Temporal -6.12+3.08 -1.76+2.48 0.104
Insula -4.63£3.26 -1.56+2.95 0.232
Insula Lobe -4.71£3.26 -1.55+2.95 0.22
Isthmus Cingulate -3.81£2.30 -0.99+2.02 0.184
Lateral Occipital -7.49+2.80 -1.02+2.48 0.008**
Lateral Orbitofrontal -3.12+2.39 -0.31£2.13 0.211
Left Cingulate Lobe -5.30+3.19 -1.16+2.95 0.069
Left Frontal Lobe -6.61£2.96 -1.47+£2.74 0.019*
Left Insula Lobe -4.46+3.08 -1.38+2.76 0.205
Left Occipital Lobe -6.28+3.12 -0.63£2.72 0.03*
Left Parietal Lobe -6.68+2.62 -0.97+2.24 0.008**
Left Temporal Lobe -6.57+2.93 -1.24+2.50 0.032%*
Lingual -6.01£2.80 -0.56+2.23 0.03*
Medial Orbitofrontal -7.38+3.45 -2.50+3.25 0.059
Middle Temporal -5.38+2.66 -2.53+2.31 0.23
Occipital Lobe -6.67+2.85 -1.11£2.54 0.018*
Paracentral -7.11£3.04 -1.11£2.69 0.014*
Parahippocampal -3.15+£2.77 0.29+2.24 0.178
Parietal Lobe -6.09+2.47 -1.03£2.08 0.016*
Pars Opercularis -5.47+2.83 -1.82+2.44 0.122
Pars Orbitalis -6.34+3.21 -0.88+2.96 0.044*
Pars Triangularis -8.35+2.60 -1.81£2.39 0.004**
Pericalcarine -3.91+3.11 -1.21£2.71 0.287
Postcentral -6.26+2.47 0.17£2.05 0.005%*
Posterior Cingulate -5.42+2.39 -1.45+2.03 0.067
Precentral -6.46+2.86 -1.06+2.55 0.016*
Precuneus -6.20+2.54 -1.37+£2.22 0.023*
Right Cingulate Lobe -5.24+2.50 -2.24+2.23 0.183
Right Frontal Lobe -5.68+2.87 -1.76£2.70 0.052
Right Insula Lobe -5.15+4.14 -1.97+3.82 0.302
Right Occipital Lobe -7.09+2.83 -1.5942.56 0.016*
Right Parietal Lobe -5.56+2.40 -1.08+2.00 0.037*
Right Temporal Lobe -5.75€2.91 -2.29+2.60 0.133
Rostral Anterior Cingulate -5.90+2.50 -1.61£2.15 0.056
Rostral Middle Frontal -6.51+2.80 -0.78+2.57 0.014*
Superior Frontal -5.28+2.65 -1.42+2.36 0.058
Superior Parietal -5.26+2.50 -1.26+2.03 0.067
Superior Temporal -6.13+3.30 -1.81£3.05 0.071
Supramarginal -5.77+£2.30 -0.50+1.79 0.014*
Temporal Lobe -6.18+2.85 -1.73+£2.50 0.058
Temporal Pole -8.97£3.19 -3.75+2.81 0.082
Transverse Temporal -2.34+4.36 -0.88+3.85 0.66
we observed a statistically significant difference in regions in the active group, owing to the small sam-
change of white matter volume and myelin content ple size, it is unclear whether 40 Hz gamma sensory
between active and sham arm participants after six stimulation increases white matter volume or simply

months of treatment, and a positive change in some prevents atrophy.
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While the extracellular accumulation of amy-
loid plaques and intra-neuronal presence of tau-
containing neurofibrillary tangles may lead to neuron
and synapse loss in AD, there is evidence that myelin
damage in preclinical AD independently contributes
to disease progression [29, 30]. Studies have revealed
that white matter degeneration and myelin damage
may be associated with neuronal dysfunction and
cognitive decline [31-33].

Subsequent studies suggest that white matter atro-
phy and myelin loss may be a mechanistically
important AD treatment target [34] and may iden-
tify individuals at high risk of disease progression.
Based on experimental results, myelin preserva-
tion has recently been suggested as a therapeutic
strategy for improving cognition in AD [6]. Fur-
thermore, AD amyloid pathology may be affected
by myelin alterations, which precede the onset of
amyloid and tau pathological changes [29, 35]. The
potential link between white matter degeneration and
clinical disease progression [34] provides an impor-
tant perspective to view results from gamma-sensory
stimulation therapy as a potential disease modifying
approach to slow AD progression.

Preservation of entorhinal white matter by this
innovative treatment may be particularly relevant to
AD given its afferent connections into the hippocam-
pus and the entorhinal cortex [14, 36]. Due to densely
concentrated axons of the perforant path in the white
matter entorhinal region, stimulation of white mat-
ter in the entorhinal region recruits many of these
axons and benefits subsequent memory during learn-
ing [36, 37]. Preservation of white matter volume and
myelin content by 40 Hz combined visual and audi-
tory gamma-sensory stimulation may help protect
the existing connections and prevent further dam-
age to this region. The white matter lobar regions,
particularly in the left hemisphere, that showed sta-
tistically significant differences between active and
sham treatment in our analysis, are known to be
affected in AD. Studies have demonstrated that dam-
age to the temporal lobe affects memory and that
temporal lobe predominant damage, specifically atro-
phy of the medial temporal lobe, is the most predictive
structural brain biomarker for AD [38, 39]. Early-
onset AD patients exhibit bilateral posterior myelin
loss spreading to the temporal areas of their left
temporal area, while late-onset AD patients exhibit
distributed bilateral myelin loss affecting the tempo-
ral and cingulate areas [40, 41]. A separate diffusion
MRI study additionally demonstrated the directional
diffusivity changes with a decrease in axial diffusivity

and an increase in radial diffusivity in temporal white
matter of AD patients, suggesting entire myelinated
axonal loss as observed in Wallerian degeneration
[42]. Severe white matter occipital atrophy has been
observed in the posterior cortical atrophy variant of
early age-of-onset AD [43], and there is evidence
that neuropathological abnormalities of the occipi-
tal lobe may lead to visual hallucinations in AD [44].
Although myelin sheath structural integrity deterio-
rates with normal aging, particularly in regions of late
myelination like the frontal lobe, it has been shown
that this degradation is more severe in AD patients
[45]. One AD development model that aims to char-
acterize the chain of pathological events leading to
AD pathology and diagnosis highlights the impor-
tance of the parietal lobe [38]. In this model, amyloid
accumulation crosses a threshold because of myelin
breakdown and disconnection between the posterior
cingulate gyrus/precuneus and the medial temporal
lobe and leads to a cascade of events.

Given the practical clinical implementation and
the direct correspondence to regional differences
in myelin, myelin-reflecting T1w/T2w ratio has
been applied to non-invasively study white mat-
ter pathology in other neurological disorders. In
schizophrenia, the regions identified in white matter
by using T1w/T2w ratio are consistent with previous
studies linking cerebellar deficits to neurological
signs [28]. Based on their findings, the authors
concluded that TIw/T2w ratio can yield improved
differentiation from healthy controls than studying
T1w and T2w images alone. In multiple sclerosis,
the T1w/T2w ratio has been used to characterize
microstructural changes in myelin and neuroaxonal
integrity [46]. T1w/T2w ratios are lower in lesioned
white matter regions compared to non-lesioned
white matter regions, consistent with known
disease-related reduced myelin content, while no
differences have been observed in the T1w/T2w
ratio in normal-appearing white matter regions of
multiple sclerosis subjects and the white matter
of controls. Nonetheless, another study found that
patients with clinically isolated syndrome, some of
whom later developed multiple sclerosis, a decrease
in T1w/T2w was demonstrated prior to the onset of
lesion formation [47].

The specific mechanisms that contribute to preser-
vation of white matter and myelin by 40Hz
combined visual and auditory sensory stimulation is
unclear, although synaptic and non-synaptic effects
on oligodendrocytes (OL) may ultimately lead to pos-
itive effects within myelin structures. For example,
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non-invasive gamma stimulation may lead to
increased axon-glia signaling at functional synapses
between neurons and oligodendrocyte precursor cells
(OPC) and hence influence OPC [48]. In addition,
release of neurotransmitter-filled vesicles of neurons
at non-synaptic junctions with OPC may promote
myelination. These hypotheses are consistent with
in-vivo studies where proliferation of OPC and their
development into OL, extension and stabilization of
myelin sheaths, regulation of myelinating capacity
of OL are achieved by changing the neuronal activity
via external stimulation or by placing animals into an
enriched environment [49].

The relatively new understanding of white matter
as a non-static, dynamic, adaptive structure, extend-
ing into adulthood has led to increased interest in
examining glial contributions to disease onset and
progression. Stimulation-induced neuronal activity
can change white matter properties, i.e., white mat-
ter plasticity; which can lead to changes in myelin
density, affecting the speed, precision, and timing
of axonal signal conduction, leading to optimal syn-
chronization of spike-time arrival which plays a
crucial role in optimizing neuronal network func-
tion. The regulation of myelination and adaptive
myelination plays an important role in the tempo-
ral structure of neural interactions as a means to
achieve self-organization and influence the dynamics
of the network function. It also shifts the focus from
a synaptic strength only model to one that also incor-
porates the role of glial-mediated self-organizing
networks, which can reorganize the timing of neu-
ral interactions to preserve specific network target
dynamics and achieves brain homeostasis [5].

Understanding that white matter properties may be
modified, and myelin may be regulated in an activity
dependent manner may advance our understanding
of white matter plasticity and its role in achieving
optimal network dynamics. Our results demonstrate
the positive effects of combined visual and auditory
gamma-sensory stimulation on white matter atrophy
and myelin content. This may ultimately contribute to
restoring neural network function in AD and in other
neurodegenerative disorders.

To the best of our knowledge, the T1w/T2w ratio
in white matter has not been previously studied in
AD patients. Despite its merits, there are limitations
to consider. The first is that MRI acquired with very
different pulse sequences at different imaging cen-
ters may generate variations in image contrast. The
originally introduced MRI scan protocol [26] used
isotropic voxels for both TIlw and T2w images. In

our MRI scan protocol, like ADNI1 protocol, the
voxels of T2w images were not isotropic. Secondly,
in addition to myelin alteration, other pathological
changes such as edema, inflammation, iron accumu-
lation, free water or fiber density may also change
T1w/T2w ratio in individuals with central nervous
system disorders [28, 50]. It is critically important
for future studies to consider confounding effects
including iron and inflammation and assess T1w/T2w
ratio in both healthy and pathological tissue histologi-
cally. Furthermore, it is important for future studies to
add other advanced MRI imaging modalities such as
diffusion tensor imaging, neurite orientation and dis-
persion density imaging, quantitative susceptibility
mapping, multicomponent driven equilibrium single
pulse observation of T1 and T2 (mcDEPOT), and
magnetization transfer ratio imaging to improve both
the sensitivity and the specificity of myelin content
quantification.

Our research represents a retrospective evaluation
of a Phase II study. Our foremost aim was to pin-
point specific endpoints, with the anticipation of their
prospective utilization in future studies, underpinned
by a more robust sample size. Our results suggest
that 40Hz combined visual and auditory gamma-
sensory stimulation therapy may have beneficial
effects on MRI pathophysiological features of AD
and other neurodegenerative diseases. Six months of
treatment significantly attenuated total and regional
white matter volume loss and significantly reduced
myelin content loss, consistently across the same
brain regions. Specifically, white matter structures
with statistically significant differences in volume or
myelin content were better preserved in the active
treatment group with the most significant difference
in the entorhinal region, which is an important struc-
ture relevant to AD pathology. (See a comparison of p
values and adjusted p values for white matter volume
(Supplementary Table 3) and myelin content (Sup-
plementary Table 4)). Further larger studies (such
as the HOPE pivotal study (NCT05637801)) may
provide additional insights into this promising ther-
apeutic strategy to improve function and cognition
in AD and possibly other neurodegenerative diseases
that are vulnerable to white matter abnormalities.

ACKNOWLEDGMENTS

We would like to thank all patients and their care-
givers who participated in OVERTURE. We also
would like to thank Paul Solomon, Elizabeth Vassey,



370 X. Da et al. / Reducing White Matter Atrophy, Myelin Loss

Michelle Papka, and Mark Brody for their collab-
oration, Karen Martin and Holly Mrozak for data
management, and Khalil Saikali for his edits. We also
would like to thank Brent Vaughan for his ongoing
support during this study.

FUNDING

Financial support for this work is provided by Cog-
nito Therapeutics, Inc.

CONFLICT OF INTEREST

Mr. Xiao Da is an employee of and owns stock
options in Cognito Therapeutics, Inc. and has patent
applications assigned to Cognito Therapeutics, Inc.
Mr. Evan Hempel is an employee of and owns stock
options in Cognito Therapeutics, Inc. Dr. Yangming
Oureceives grant support from Abbott Inc. Ms. Olivia
Elizabeth Rowe is an employee of and owns stock
options in Cognito Therapeutics, Inc and receives
consulting fees from the MGH Athinoula A Martinos
Center for Biomedical Imaging. Mr. Zach Malchano
is an employee of and holds stocks and options in
Cognito Therapeutics, Inc and has issued patents and
applications assigned to Cognito Therapeutics, Inc.
Dr. Mihély Hajos is an employee of and owns stocks
in Cognito Therapeutics, Inc, has patent applications
assigned to Cognito Therapeutics, Inc, and is a share-
holder of Biogen and Pfizer. Dr. Ralph Kern is an
employee of Cognito Therapeutics, Inc, and is on the
Scientific Advisory Board of Brainstorm Cell Ther-
apeutics. Dr. Jonathan Thomas Megerian received
payments from Cognito Therapeutics for his services
as Acting Chief Medical Officer. Dr. Aylin Cimenser
is an employee of and owns stock options in Cog-
nito Therapeutics, Inc. and has patent applications
assigned to Cognito Therapeutics, Inc, and is a share-
holder of Boston Scientific.

DATA AVAILABILITY

The data supporting the findings of this study are
available on request from the corresponding author.
The data are not publicly available due to privacy or
ethical restrictions.

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10.3233/JAD-230506.

REFERENCES

(1]

[2]

[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

(13]

[14]

[15]

Samanta S, Ramesh M, Govindaraju T (2022) Chapter 1.
Alzheimer’s is a multifactorial disease. In Alzheimer’s Dis-
ease, pp. 1-34.

Beach TG, Malek-Ahmadi M (2021) Alzheimer’s dis-
ease neuropathological comorbidities are common in the
younger-old. J Alzheimers Dis 79, 389-400.

Shankar GM, Walsh DM (2009) Alzheimer’s disease:
Synaptic dysfunction and Abeta. Mol Neurodegener 4, 48.

Sampaio-Baptista C, Johansen-Berg H (2017) White matter
plasticity in the adult brain. Neuron 96, 1239-1251.

Noori R, Park D, Griffiths JD, Bells S, Frankland PW,
Mabbott D, Lefebvre J (2020) Activity-dependent myeli-
nation: A glial mechanism of oscillatory self-organization
in large-scale brain networks. Proc Natl Acad Sci U SA 117,
13227-13237.

Chen JF, Liu K, Hu B, Li RR, Xin W, Chen H, Wang F,
Chen L, Li RX, Ren SY, Xiao L, Chan JR, Mei F (2021)
Enhancing myelin renewal reverses cognitive dysfunction in
a murine model of Alzheimer’s disease. Neuron 109, 2292-
2307 e2295.

Adaikkan C, Middleton SJ, Marco A, Pao PC, Mathys H,
Kim DN, Gao F, Young JZ, Suk HJ, Boyden ES, McHugh
TJ, Tsai LH (2019) Gamma entrainment binds higher-order
brain regions and offers neuroprotection. Neuron 102, 929-
943.e928.

Adaikkan C, Tsai LH (2020) Gamma entrainment: Impact
on neurocircuits, glia, and therapeutic opportunities. Trends
Neurosci 43, 24-41.

Taccarino HF, Singer AC, Martorell AJ, Rudenko A, Gao F,
Gillingham TZ, Mathys H, Seo J, Kritskiy O, Abdurrob F,
Adaikkan C, Canter RG, Rueda R, Brown EN, Boyden ES,
Tsai LH (2016) Gamma frequency entrainment attenuates
amyloid load and modifies microglia. Nature 540, 230-235.
Martorell AJ, Paulson AL, Suk HJ, Abdurrob F, Drummond
GT, Guan W, Young JZ, Kim DN, Kritskiy O, Barker SJ,
Mangena V, Prince SM, Brown EN, Chung K, Boyden ES,
Singer AC, Tsai LH (2019) Multi-sensory gamma stim-
ulation ameliorates Alzheimer’s-associated pathology and
improves cognition. Cell 177, 256-271.e222.

Cimenser A, Hempel E, Travers T, Strozewski N, Martin
K, Malchano Z, Hajos M (2021) Sensory-evoked 40-Hz
gamma oscillation improves sleep and daily living activi-
ties in Alzheimer’s disease patients. Front Syst Neurosci 15,
746859.

Hajos M, Boasso A, Hempel E, Spokayte M, Konisky
A, Seshagiri CV, Fomenko V, Kwan K, Nicodemus-
Johnson J, Hendrix S, Vaughan B, Megerian JT, Malchano
Z (2023) Safety, tolerability and efficacy of 40Hz
sensory stimulation for Alzheimer’s disease. medRxiv,
2023.2003.2023.23287637.

He Q, Colon-Motas KM, Pybus AF, Piendel L, Seppa JK,
Walker ML, Manzanares CM, Qiu D, Miocinovic S, Wood
LB, Levey AL Lah JJ, Singer AC (2021) A feasibility
trial of gamma sensory flicker for patients with prodromal
Alzheimer’s disease. Alzheimers Dement (NY) 7, e12178.

Stoub TR, deToledo-Morrell L, Stebbins GT, Leurgans S,
Bennett DA, Shah RC (2006) Hippocampal disconnection
contributes to memory dysfunction in individuals at risk
for Alzheimer’s disease. Proc Natl Acad Sci U S A 103,
10041-10045.

Jack CR, Jr., Bernstein MA, Fox NC, Thompson P, Alexan-
der G, Harvey D, Borowski B, Britson PJ, J LW, Ward C,
Dale AM, Felmlee JP, Gunter JL, Hill DL, Killiany R, Schuff


https://dx.doi.org/10.3233/JAD-230506
https://dx.doi.org/10.3233/JAD-230506

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

X. Da et al. / Reducing White Matter Atrophy, Myelin Loss 371

N, Fox-Bosetti S, Lin C, Studholme C, DeCarli CS, Krueger
G, Ward HA, Metzger GJ, Scott KT, Mallozzi R, Blezek
D, Levy J, Debbins JP, Fleisher AS, Albert M, Green R,
Bartzokis G, Glover G, Mugler J, Weiner MW (2008) The
Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI
methods. J Magn Reson Imaging 27, 685-691.

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-
based analysis. I. Segmentation and surface reconstruction.
Neuroimage 9, 179-194.

Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC,
Blacker D, Buckner RL, Dale AM, Maguire RP, Hyman
BT, Albert MS, Killiany RJ (2006) An automated labeling
system for subdividing the human cerebral cortex on MRI
scans into gyral based regions of interest. Neuroimage 31,
968-980.

Fischl B, Liu A, Dale AM (2001) Automated manifold
surgery: Constructing geometrically accurate and topolog-
ically correct models of the human cerebral cortex. I[EEE
Trans Med Imaging 20, 70-80.

Fischl B, Rajendran N, Busa E, Augustinack J, Hinds O, Yeo
BT, Mohlberg H, Amunts K, Zilles K (2008) Cortical fold-
ing patterns and predicting cytoarchitecture. Cereb Cortex
18, 1973-1980.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M,
Haselgrove C, van der Kouwe A, Killiany R, Kennedy D,
Klaveness S, Montillo A, Makris N, Rosen B, Dale AM
(2002) Whole brain segmentation: Automated labeling of
neuroanatomical structures in the human brain. Neuron 33,
341-355.

Fischl B, Sereno MI, Dale AM (1999) Cortical surface-
based analysis. II: Inflation, flattening, and a surface-based
coordinate system. Neuroimage 9, 195-207.

Fischl B, Sereno MI, Tootell RB, Dale AM (1999) High-
resolution intersubject averaging and a coordinate system
for the cortical surface. Hum Brain Mapp 8, 272-284.
Segonne F, Grimson E, Fischl B (2005) A genetic algorithm
for the topology correction of cortical surfaces. Inf Process
Med Imaging 19, 393-405.

Glasser MF, Coalson TS, Robinson EC, Hacker CD, Har-
well J, Yacoub E, Ugurbil K, Andersson J, Beckmann CF,
Jenkinson M, Smith SM, Van Essen DC (2016) A multi-
modal parcellation of human cerebral cortex. Nature 536,
171-178.

Glasser MF, Goyal MS, Preuss TM, Raichle ME, Van Essen
DC (2014) Trends and properties of human cerebral cor-
tex: Correlations with cortical myelin content. Neuroimage
93(Pt 2), 165-175.

Glasser MF, Van Essen DC (2011) Mapping human cortical
areas in vivo based on myelin content as revealed by T1-
and T2-weighted MRI. J Neurosci 31, 11597-11616.
Ganzetti M, Wenderoth N, Mantini D (2014) Whole brain
myelin mapping using T1- and T2-weighted MR imaging
data. Front Hum Neurosci 8, 671.

Ganzetti M, Wenderoth N, Mantini D (2015) Mapping
pathological changes in brain structure by combining T1-
and T2-weighted MR imaging data. Neuroradiology 57,
917-928.

Dean DC, 3rd, Hurley SA, Kecskemeti SR, O’Grady JP,
Canda C, Davenport-Sis NJ, Carlsson CM, Zetterberg H,
Blennow K, Asthana S, Sager MA, Johnson SC, Alexander
AL, Bendlin BB (2017) Association of amyloid pathol-
ogy with myelin alteration in preclinical Alzheimer disease.
JAMA Neurol 74, 41-49.

Papuc E, Rejdak K (2020) The role of myelin damage in
Alzheimer’s disease pathology. Arch Med Sci 16, 345-351.

[31]

[32]

(33]

(34]

[35]

[36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

Kohama SG, Rosene DL, Sherman LS (2012) Age-related
changes in human and non-human primate white matter:
From myelination disturbances to cognitive decline. Age
(Dordr) 34, 1093-1110.

Pelkmans W, Dicks E, Barkhof F, Vrenken H, Scheltens P,
van der Flier WM, Tijms BM (2019) Gray matter T1-w/T2-
w ratios are higher in Alzheimer’s disease. Hum Brain Mapp
40, 3900-3909.

Salat DH, Greve DN, Pacheco JL, Quinn BT, Helmer KG,
Buckner RL, Fischl B (2009) Regional white matter volume
differences in nondemented aging and Alzheimer’s disease.
Neuroimage 44, 1247-1258.

Nasrabady SE, Rizvi B, Goldman JE, Brickman AM (2018)
White matter changes in Alzheimer’s disease: A focus on
myelin and oligodendrocytes. Acta Neuropathol Commun
6,22.

Desai MK, Sudol KL, Janelsins MC, Mastrangelo
MA, Frazer ME, Bowers WJ (2009) Triple-transgenic
Alzheimer’s disease mice exhibit region-specific abnormal-
ities in brain myelination patterns prior to appearance of
amyloid and tau pathology. Glia 57, 54-65.

Mankin EA, Aghajan ZM, Schuette P, Tran ME,
Tchemodanov N, Titiz A, Kalender G, Eliashiv D, Stern J,
Weiss SA, Kirsch D, Knowlton B, Fried I, Suthana N (2021)
Stimulation of the right entorhinal white matter enhances
visual memory encoding in humans. Brain Stimul 14, 131-
140.

Suthana N, Haneef Z, Stern J, Mukamel R, Behnke E,
Knowlton B, Fried I (2012) Memory enhancement and deep-
brain stimulation of the entorhinal area. N Engl J Med 366,
502-510.

Jacobs HI, Van Boxtel MP, Jolles J, Verhey FR, Uylings HB
(2012) Parietal cortex matters in Alzheimer’s disease: An
overview of structural, functional and metabolic findings.
Neurosci Biobehav Rev 36, 297-309.

de Flores R, Das SR, Xie L, Wisse LEM, Lyu X, Shah
P, Yushkevich PA, Wolk DA (2022) Medial temporal lobe
networks in Alzheimer’s disease: Structural and molecular
vulnerabilities. J Neurosci 42, 2131-2141.

Carmeli C, Fornari E, Jalili M, Meuli R, Knyazeva MG
(2014) Structural covariance of superficial white matter in
mild Alzheimer’s disease compared to normal aging. Brain
Behav 4, 721-737.

Fornari E, Maeder P, Meuli R, Ghika J, Knyazeva MG
(2012) Demyelination of superficial white matter in early
Alzheimer’s disease: A magnetization transfer imaging
study. Neurobiol Aging 33, 428.e7-19.

Huang J, Friedland RP, Auchus AP (2007) Diffusion tensor
imaging of normal-appearing white matter in mild cogni-
tive impairment and early Alzheimer disease: Preliminary
evidence of axonal degeneration in the temporal lobe. AJNR
Am J Neuroradiol 28, 1943-1948.

Migliaccio R, Agosta F, Possin KL, Rabinovici GD, Miller
BL, Gorno-Tempini ML (2012) White matter atrophy in
Alzheimer’s disease variants. Alzheimers Dement 8, S78-87
e71-72.

Holroyd S, Shepherd ML, Downs JH 3rd (2000) Occip-
ital atrophy is associated with visual hallucinations in
Alzheimer’s disease. J Neuropsychiatry Clin Neurosci 12,
25-28.

Bartzokis G, Cummings JL, Sultzer D, Henderson VW,
Nuechterlein KH, Mintz J (2003) White matter structural
integrity in healthy aging adults and patients with Alzheimer
disease: A magnetic resonance imaging study. Arch Neurol
60, 393-398.



372

[46]

[47]

[48]

X. Da et al. / Reducing White Matter Atrophy, Myelin Loss

Granberg T, Fan Q, Treaba CA, Ouellette R, Herranz E,
Mangeat G, Louapre C, Cohen-Adad J, Klawiter EC, Sloane
JA, Mainero C (2017) In vivo characterization of cortical
and white matter neuroaxonal pathology in early multiple
sclerosis. Brain 140, 2912-2926.

Boaventura M, Sastre-Garriga J, Garcia-Vidal A, Vidal-
Jordana A, Quartana D, Carvajal R, Auger C, Alberich M,
Tintore M, Rovira A, Montalban X, Pareto D (2022) T1/T2-
weighted ratio in multiple sclerosis: A longitudinal study
with clinical associations. Neuroimage Clin 34, 102967.
Moura DMS, Brennan EJ, Brock R, Cocas LA (2021) Neu-
ron to oligodendrocyte precursor cell synapses: Protagonists

[49]

[50]

in oligodendrocyte development and myelination, and tar-
gets for therapeutics. Front Neurosci 15, 779125.

Nagy B, Hovhannisyan A, Barzan R, Chen TJ, Kukley M
(2017) Different patterns of neuronal activity trigger distinct
responses of oligodendrocyte precursor cells in the corpus
callosum. PLoS Biol 15, €2001993.

Luo X, Li K, Zeng Q, Huang P, Jiaerken Y, Wang S, Shen
Z, Xu X, Xu J, Wang C, Kong L, Zhou J, Zhang M (2019)
Application of T1-/T2-weighted ratio mapping to elucidate
intracortical demyelination process in the Alzheimer’s dis-
ease continuum. Front Neurosci 13, 904.



