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Purpose: Pathophysiological hallmarks of Alzheimer’s disease (AD) include extracellular amyloid plaques and intracellular
neurofibrillary tangles. Recent studies also demonstrated a role of neuroinflammation in the progression of the disease. Clinical
trials and animal studies using low-dose radiation therapy (LDRT) have shown therapeutic potential for AD. This systematic
review summarizes the current evidence on the use of LDRT for the treatment of AD, outlines potential mechanisms of action,
and discusses current challenges in the planning of future trials.

Methods and Materials: A systematic review of human and animal studies as well as registered clinical trials describing out-
comes for RT in the treatment of AD was conducted. We followed the 2020 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. Articles published until July 1, 2023, were included.

Results: The initial search yielded 993 articles. After the removal of duplicates and ineligible publications, a total of 16 (12 animal,
4 human) studies were included. Various dose regimens were utilized in both animal and human trials. The results revealed that
LDRT reduced the number of amyloid plaques and neurofibrillary tangles, and it has a role in the regulation of genes and protein
expression involved in the pathological progression of AD. LDRT has demonstrated reduced astro- and microgliosis, anti-inflam-
matory and neuroprotective effects, and an alleviation of symptoms of cognitive deficits in animal models. Most studies in
humans suggested improvements in cognition and behavior. None of the trials or studies described significant (>grade 2) toxicity.
Conclusions: Preclinical studies, animal studies, and early clinical trials in humans have shown a promising role for LDRT in the
treatment of AD pathologies, although the underlying mechanisms are yet to be fully explored. Phase I/II/III trials are needed to
assess the long-term safety, efficacy, and optimal treatment parameters of LDRT in AD treatment. © 2023 Published by Elsevier Inc.
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Introduction

Neuropathological and pathophysiological hallmarks of Alz-
heimer’s disease (AD) include extracellular amyloid
(“senile”) plaques as well as intracellular neurofibrillary tan-
gles (NFTs)."” In addition, neuroinflammation is consid-
ered the third major hallmark of AD pathology.” Current
therapeutic treatment options are focused on alleviating the
clinical symptoms of the disease rather than targeting the
underlying neuropathological and pathophysiological mech-
anisms. Despite extensive research efforts, there are only a
few treatment options available, which merely decelerate the
progress of dementia. Moreover, the failure rate of drugs in
the drug development pipeline is considerable.”* Recently
published preliminary preclinical and clinical evidence sug-
gests that low-dose radiation therapy (LDRT), including
low-dose ionizing radiation, might have a potential thera-
peutic role in treating AD.™° A first narrative review by Wil-
son et al’ also highlighted the emerging role of radiation
therapy (RT) in AD. In this first systematic review on the
topic, we comprehensively assess and update the preclinical
evidence and early clinical trials that have explored the use
of RT as a treatment option for patients with AD. Further-
more, we discuss potential mechanisms of action, summa-
rize the available data, and derive the most pressing
challenges in the execution of future RT trials for AD.

Methods and Materials

A systematic review of the literature was performed in
accordance with the guidelines of the 2020 Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA; Supplementary File 1) Supplementary Materi-
als).® Variably combined search items included “radiother-

disease,” and “amyloid.” Retrospective and prospective stud-
ies in all species were included. PubMed, the Cochrane
Library, Embase, and Ovid Medline were used for the litera-
ture search. For ongoing clinical trials, ClinicalTrials.gov
was used with the following search items: “radiotherapy,”
“radiation,” and “Alzheimer’s disease.” Databases were
searched on July 1, 2023. Only articles published in English
were considered. All studies published before July 1, 2023,
were included (Table 1). The first reviewer (D Kaul)
excluded duplicate entries, studies that included interven-
tions other than RT, and studies that did not match the
search items.

Data items

The data items extracted from all eligible studies were
author list, publication year, primary objective, subjects
(both animals and humans), disease status, dose per frac-
tion, number of fractions, time from RT to sacrifice or anal-
ysis, and reported outcomes. All included articles provided
information on the aforementioned items, ensuring good
validity and comparability across studies. After initial
screening of data items by the first reviewer (D Kaul), the
second and third reviewer (F Ehret and S Roohani) checked
for suitability and accuracy.

Quality assessment

To ensure adequate quality standards for included articles,
both the titles, abstracts, and full texts were thoroughly
examined by the first reviewer (D Kaul). All resources
obtained online were saved as portable document format
files in case the online record was edited or removed. Risk of
bias was assessed individually for every study by using the
Systematic Review Centre for Laboratory Animal Experi-

apy,” ‘“radiation,” “dose fractionation,” “Alzheimer’s mentation Risk of Bias tool for animal studies and the
Table 1  Inclusion and exclusion criteria
Category Inclusion Exclusion
Study design Any except those defined in the exclusion section Narrative reviews
Systematic reviews
Commentaries on primary research articles and trials
Population Animals and humans None
Sex: Any
Disease: AD
Stage: Any
Intervention LDRT All except those defined in the inclusions section
WBRT
RT along with standard drug therapy for AD
Outcome AP plaques or NFTs N/A
Cognitive, physical, and/or behavioral abilities
Date range Until July 1, 2023

therapy; WBRT = whole brain RT.

Abbreviations: Af = amyloid-beta; AD = Alzheimer’s disease; LDRT = low-dose RT; N/A = not applicable; NFT = neurofibrillary tangles; RT = radiation
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Fig. 1.
ses (PRISMA) 2020 guidelines.

Newcastle-Ottawa Scale for human studies (Supplementary
Materials).”'" After the initial evaluation by the first
reviewer (D Kaul), the second and third reviewer (F Ehret
and S Roohani) critically edited the bias assessment and the
list of results. They also added further articles if deemed
necessary.

Results

The PRISMA flow diagram (Fig. 1) shows all initial search
results, excluded articles, screened articles, and the final
number of articles included, based on the prespecified inclu-
sion and exclusion criteria. Systemically reviewed studies on
RT in AD are summarized in Tables 2 (animals) and 3
(humans), while ongoing clinical trials are summarized in
Table 4.

Flow diagram for study selection according to the Preferred Reporting Items for Systematic Reviews and Meta-Analy-

Effects of RT in the treatment of AD in animal
models

Marples et al® provided the first evidence of RT reducing
amyloid-beta (AB) plaques. Thirty-week-old Ap-overex-
pressing amyloid precursor protein (APP)/PS1 mice were
irradiated and investigated. The authors tested single doses
(5 Gy, 10 Gy, and 15 Gy) and fractionated doses (10 x 1
Gy, 5 x 2 Gy, and 10 x 2 Gy) to the hemibrain. They found
the most significant reductions in the number and size of
AP plaques at 8 weeks (compared to 2 and 4 weeks) after
single dose and fractionated regimens. Fractionated RT pro-
duced a more effective reduction in plaques than single
doses of comparable biologically effective dose. This finding
was interpreted as a sign that the effects were not owing to
DNA damage, because in this case effect size would have to
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Table2 Summary of all systemically reviewed studies on RT for AD in animal models
Time between RT
and sacrifice or Outcome
First author Primary aim Disease status Radiation regimen Subjects analysis
Outcome parameters Results Conclusion

Ceyzériat''  To study the Advanced amyloid 5 fractions of 2 Gy 14-month-old TgAD 4 months Spatial working Daily schedule: Daily LDRT improved
therapeutic pathology delivered once daily ~ female rats (n = 10) memory - Significant memory and
potential of 2 (cohort 1) 15-month- old TgAD (alternative Y maze improvement in restored
schedules of LDRT 5 fractions of 2 Gy female rats (n = 10) test) memory locomotion.
(weekly and daily) delivered once Sham irradiation rats Locomotion - OFT performances Both daily and weekly

weekly (cohort 2) (n=10) Amyloid plaques in (P=.032) LDRT did not
Sham irradiation: WT rats (n = 10) hippocampus and Reduction in total impact amyloid
Only anesthesia cortex distance travelled as plaques in the H or
without irradiation Astrocyte reactivity compared with G,
Target volume: Microglial reactivity sham-RT (P = .044)
Hemisphere Weekly schedule:
Significant decrease
in locomotion
(P=.045)
Increased microglial
reactivity.
Both:
No impact on amyloid
plaques in the H or
C.
No impact on
astrocyte reactivity.

Ceyzériat'>  To evaluate if Early stage 5 fractions of 2 Gy 12-month-old 3xTg- 8 weeks Behavior: Open field,  No effect on cognitive ~ When applied at early
antiamyloid and delivered once daily AD elevated plus maze, performance stage, LDRT reduces
anti-inflammatory Sham irradiation: mice (n = 8) alternative Y maze  Significant reduction amyloid load and
effects of LDRT can Only anesthesia Sham-treated 3xTg- amyloid load, of p42 aggregated possibly
be observed at an Target: Whole brain AD mice (n=7) tauopathy, forms (—71%) in the neuroinflammation
early stage of AD Sham-treated WT neuroinflammation H markers, with

mice (n = 8) in histology and/or ~ No effect on no effect on tauopathy
ELISA tauopathy.
Trend for
neuroinflammation

inmarker reduction.

(Continued)
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Table 2 (Continued)

Time between RT
and sacrifice or

. . . . - . . . Outcome
First author Primary aim Disease status Radiation regimen Subjects analysis
Outcome parameters Results Conclusion
Ceyzériat'”>  To evaluate the Presymptomatic 5 fractions of 2 Gy TgF344-AD rats 1 month Behavior: Alternative  Increase of anxiety LDRT can reduce
potential of 5 x 2 delivered once daily (n=12) Y maze, open field, after LDRT and amyloid deposition
Gy daily in 9- Target: Hemisphere Sham-treated TgF344- elevated plus maze sham irradiation. and
month-old TgF344- AD (n=10) TSPO-mediated Decrease of the 18- neuroinflammation,
AD rats, modeling Sham-treated WT neuroinflammation, kDa when applied
at a presymptomatic (n=10) secreted TSPO and secreted before symptoms
stage of AD CLUSTERIN CLUSTERIN onset.
soluble and Decrease of Higher activation of
aggregated forms of amyloid (P < .01; the
Ap40, AB42, and soluble and nonamyloidogenic
Ap oligomers aggregated forms of ~ pathway
sAPPu ApB40, AB42, and
AB oligomers)
Improved sAPP«
levels
Chicheva'*  To demonstrate the Cerebral amyloidosis ~ Combined ionizing 12-month-old male 12 days MWM 5xFAD group: Significant

effect of combined
ionizing radiation
on the behavior of

and tauopathy

animals in mouse
transgenic models
of AD

radiation:

y rays, 0.24 Gy,

661.7 keV (whole
body)

After 6 hours '2C, 0.18
Gy, 450 MeV (head
region)

Control groups: Sham
radiation

transgenic 5xFAD
mice with cerebral
amyloidosis (n = 18)
TauP301S mice with
T-pathy (n = 19)
Respective age-mate
control mice (n=13)

Odor recognition test

Passive avoidance
conditioning

Locomotion-OFT

Better recognition of

improvement of

odors (P =.09) spatial learning and

TauP301S group: stimulation of

Increased duration of locomotor and
hole sniffing exploratory
(P=.02) behavior in WT.

Increase in the Anxiolytic effect and

distance travelled stimulation of

(P=.01) locomotor and
Control group: exploratory
Significant behavior in

improvement in tauopathy mice.

MWM training Improved learning in
(P=.014) odor recognition in
Increased number of mice with cerebral
nose pokes amyloidosis.
(P = .005)
Increased duration of
hole sniffing (P=.03)
(Continued)
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Table 2 (Continued)

First author Primary aim Disease status

Radiation regimen

Subjects

Time between RT
and sacrifice or
analysis

Qutcome

Outcome parameters

Results

Conclusion

Hinshaw'®  To investigate the
influence of sex and
AD

comorbidity on
neurobehavioral
and

pathological changes
after whole-body
proton exposure in
mice.

Disease (AD) present

Tacono'® To determine whether Healthy
a single exposure to
LDRT on a large
mammalian brain
could produce
molecular-level
changes that could
potentially generate
a scientific rationale
for the future
applications of
LDRT asa
preventive or
therapeutic tool for
different
neurodegenerative
disorders in
humans.

Whole body, proton
irradiation

0,0.5 Gy or 2 Gy

‘WT: Sham irradiation

Single, 1.79 Gy dose
Target volume: Whole
body

4-month- old M and F  7-8 months

WT and APPswe/
PS1dE9 Tg mice

M Gottingen minipigs
ranging in age from
~ 6.0 to 6.5 months.

Sham + vehicle (n = 4)

Radiation+ vehicle
(n=6)

Sham + captopril
(n=6)

Radiation + captopril
(n=6)

4 weeks

Cognitive behaviors
(spatial memory,
fear memory,
anxiolytic behavior,
stress-induced
behavior)

Noncognitive
behaviors
(locomotor activity,
strength, endurance,
motor coordination
and learning)

Ap loads in Tg mice

Plasma cytokines

Protein expression:

Ptau, APP, GAP43,
GFAP, and DNA-
polymerase-f3 levels.

Modest effects of dose,
genotype, sex, and
their interactions on
cognitive and
noncognitive
outcomes.

Modest reduction in
the AB load in M
and effects were
long-term.

No long-term effect
on systemic
cytokine levels

Radiated animals had
lower levels of pTau
in FC (P =.018) and
H (P =.038), APP
proteins in CRB
(P=.0039) and H
(P = .0009), GAP43
expression in CRB
(P=.51)as
compared with
sham animals.

Radiated animals had
higher GFAP levels
in H (P = .007),
DNA-polymerase
levels in FC (0.0019)
as compared with
sham animals.

No changes in IBA-1
and MBP
expressions in
radiated vs sham
animals.

Trend towards
reduction of AB and
microglial activation
in

M Tg after 2 Gy.

No long-term impact
of proton
irradiation on
microhemorrhages,
hippocampal
synaptic, and
dendritic density, or
most of the assayed
plasma cytokines

The results suggest
that LDRT might
act as a potential
tool that can
interfere with the
accumulation of
specific proteins
linked to the
pathogenesis of
various
neurodegenerative
disorders.

(Continued)
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Table 2 (Continued)

Time between RT
and sacrifice or

. . : . - . . . Outcome
First author Primary aim Disease status Radiation regimen Subjects analysis
Outcome parameters Results Conclusion
Khan'’ To investigate the Ap1—42-induced 10 Gy X-irradiation SD F rats 4 weeks Motor function tests:  Significant decrease in  Fractionated X-
neuroprotective role  neurotoxicity (4 (fractionated dose, ~ sham control (group Locomotor activity amyloid deposits irradiation has the
of fractionated X- weeks) 2 Gy x 5 days) after 1), AB1—42 injected and was observed in the ability to curtail the
irradiation in AS1 4 weeks of AB1—42 (group 2), cranial X- muscular strength ApB1 AB1—42-based
—42-based rodent peptide infusion irradiated (group 3) Cognitive tests: —42 + irradiated neurotoxicity in AD
model of AD and AB1—42 Active avoidance test, animals. or other similar
injected followed by passive avoidance Significant pathologies.
cranial X-irradiation test, MWM, improvement in
(group 4). elevated plus maze Ap1—42-induced
test memory
Neurochemical and impairment in the
neurotransmitters animals subjected to
fractionated cranial
X-irradiation.
Kim'® To reconfirm that Disease (AD) present  Total radiation dose of 6-month-old M 8 weeks Reduction in AS LDIR inhibits A8 LDIR modulates LPS-
LDIR 10 Gy in 5 fractions heterozygous deposits deposition and and A induced
reduces Af deposition 5XFAD transgenic Spatial learning and improves cognitive neuroinflammation
and improves mice memory (MWM) deficits in 5XFAD by promoting the
cognitive deficits. WT littermates of Examination of M1 mice. production of M2-
To elucidate the 5XFAD mice were and M2 cytokines LDIR regulates Ap- associated cytokines
mechanisms of used as controls. induced production and therefore has
LDIR-induced of inflammatory the potential to
inhibition of A8 cytokines in the alleviate AS-
accumulation and 5XFAD mice. deposition and
memory loss in AD. LDIR directly induced ~ memory loss.
phenotype
switching from M1
to M2 in the brain
with AD.
(Continued)
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Table 2 (Continued)

Time between RT
and sacrifice or

. : . - . . . Outcome
Primary aim Disease status Radiation regimen Subjects analysis
Outcome parameters Results Conclusion

To examine the effect  Disease (AD) present  Total of 9 Gy, 1.8 Gy ~ 4-month-old F 4 days Effect on Ap LDIR did not affect LDIR has
of LDIR on AB per fraction for 5 5XFAD mice accumulation ApB accumulation in neuroprotective and
accumulation and consecutive days 21 mice divided into Effect on synapticand  the brain, but anti-inflammatory
Ap -mediated groups of 7. neuronal loss significantly effects against A
pathology. 1) WT mice, (2) Effect on ameliorated accumulation and AB

sham-exposed neuroinflammation synaptic -mediated
5XFAD mice, and and cytokine degeneration, pathology in
(3) LMDIR-exposed production neuronal loss, and neurodegenerative
5XFAD mice neuroinflammation diseases like AD.
in the H formation
and
cerebral cortex

To investigate if Early onset AD Cohort 1. Single dose M B6. Cg-Tg AD- At24h,2,4,8weeks  Effect on A plaques  Single continuous Brain irradiation
cranial X-irradiation of 5,10, or 15 Gy prone mice Spatial learning and treatment of RT using single dose as
reduces Ap plaques Cohort 2. memory (MWM) irrespective of dose well as fractionated
and influences Fractionated doses and sacrifice time doses reduces the
cognitive function of 1 Gy x 10,2 significantly AP plaque burden
in a transgenic Gy x 5,0r2 reduced Ap plaque and reduces
mouse model of Gy x 10 burden (P =.00048) cognitive deficits.
AD. Target volume: Fractionated LDRT

Hemisphere also significantly
reduced Ap plaque
burden (P < .003)

The reduction in AB

plaque burden is
associated with
cognitive
improvements
(P=.012)

To investigate the Disease (AD) present 5 fractions of 2 Gy Six F 8 weeks Effect on AB Significant reduction ~ LDRT reduces AS
effects of radiation to right hemisphere,  (3xTg-AD) mice plaque burden in AB plaque burden and it
in an age-matched for 5 consecutive Age 16 months Effect on NFT plaque burden also reduces tau-
series of 3xTg-AD days (P=.028) and associated NFTs.
mice. reduction in

neurofibrillary
tangles (P = .0024)
(Continued)
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Table 2 (Continued)

Time between RT
and sacrifice or

. . : . - . . . Outcome
First author Primary aim Disease status Radiation regimen Subjects analysis
Outcome parameters Results Conclusion
Yang™ To determine the Late-stage AD LD-LDRT group: 8-9-month-old Every week after RT  Effect on Reduced level of LD-LDRT (3 Gy in 5
appropriate RT dose 3 Gy (5 x 0.6 Gy) FxFAD mice for 4 weeks proinflammatory proinflammatory fractions) improves
and schedule for AD LMD-CDRT group: Nontransgenic cytokines (CD54, cytokines (CD54, cognitive
treatment. 10 Gy (5 x 2 Gy) littermates were IL-3, CXCLY/10, IL-3, CXCL9/10, impairment and

To investigate
therapeutic effects
and mechanisms of
low RT for AD.

Sham group: without
RT

Target volume: Whole
brain

used as controls.

and CCL2/4)

and CCL2/4) in the
hippocampus of
5xFAD mice as
compared with WT
sham mice.
Reduced microgliosis
and decreased
amyloid plaque
burden in the H.
Attenuated cognitive
impairment.

reduces the
deposition of AS

plaque by regulating
neuroinflammation
in the late stages of
AD.

Abbreviations: 3xTgAD = triple transgenic AD; A = amyloid-g; AD = Alzheimer’s disease; APP = amyloid precursor protein; CCL2/4 = chemokine (C-C motif) ligand 2/4; CD54 = cluster of differentiation 54;
CRB = cerebellum; CXCL 9/10 = chemokine (C-X-C motif) ligand 9/10; ELISA = enzyme-linked immunosorbent assay; F = female; FC = frontal cortex; FXFAD = 5 AD-linked mutations familiar AD;
GAP43 = growth associated protein 43; GFAP = glial fibrillary acidic protein; H = hippocampus; IBA-1 = ionized calcium-binding adaptor molecule 1; IL = interleukin; LDIR = low-dose ionizing radiation; LD-
LDRT = low total dose with low dose per fraction; LDRT = low-dose RT; LMD-CDRT = low-moderate total dose with conventional dose per fraction; LMDIR = low—moderate dose ionizing radiation;
LPS = lipopolysaccharide; M = male; MBP = myelin basic protein; MWM = Morris water maze; NFT = neurofibrillary tangles; OFT = open field test; RT = radiation therapy; sAPP« = soluble amyloid precursor

protein a; SD = Sprague-Dawley; Tg = transgenic; TSPO = translocater protein; WT = wild type.
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Table 3 Summary of all systemically reviewed studies on RT for AD in humans
First Time between RT
. : . - . . . Outcome
author Primary aim Disease status Radiation regimen Subjects and analysis
Outcome parameters Results Conclusion
Cuttler”  To describe the Advanced AD 5 CT scans, each with ~ 81-year-old Patient was examined ~ Any sign of changein  Sign of old memory return Patient showed
improvement in a a dose of 40 mGy, human by her her cognitive (patient remembered her remarkable
patient with over a period of 3 woman neuropsychologist abilities, motor daughter’s old roommate’s cognitive and
advanced AD in months after her 5" CT function, verbal name) physical
hospice who scan. responses, or Improvement in motor improvement
received 5 CT scans memory etc. function (patient lifted her during the first 4
of the brain. leg and made several head scans. However, the
turns) fifth scan resulted in
Improvement in verbal a significant setback.
responses (Patient started Soon after the patient
responding in 3-5 word continued to
sentences or shorter improve, she was
responses like “yes” or released from
“no” hospice care.
Cuttler”  To determine whether Clinically 3 Consecutive 4 Human 6 weeks Qualitative data on Case 1 (88/M): Qualitative data
the previously stable, treatments each participants patient’s ability to No changes on ADFACS showed
reported benefits of advanced spaced 2 weeks 3 men aged 88, communicate and score improvement in
LDIR in a single stage apart (0.04-0.089 90, and interact. Slight changes in CMAI cognition and
case with AD could dementia Gy) 84 years and Quantitative scores. behavior.
be observed again in 1 woman measures: Initial improvement in SIB There were few
other cases with AD aged 82 Neurocognitive score. meaningful
when the same years abilities (SIB) Case 2 (90/M): improvements on
treatments are Behavioural No changes in the the 3 quantitative
given. symptoms (CMAI) quantitative scores or outcome measures
Functional abilities qualitative observations. ADFACS, CMAI,
(ADFACS) Case 3 (84/M): SIB

No significant improvements
in the ADFACS, SIB, or
CMALI scores.

Patient showed occasional
alertness and cooperation.

Case 4 (82/F):

Patient showed no
quantitative improvements
after first 2 treatments.
Slightly improved ADFACS
and SIB scores just before
her third treatment.

She became more alert,
pleasant, and cooperative
during the treatments.

(Continued),
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Table 3 (Continued)

First Time between RT Outcome
author Primary aim Disease status Radiation regimen Subjects and analysis
Outcome parameters Results Conclusion
Kim® To determine whether ~ Mild-to- 5 fractions of 0.5 Gy 5 humans with 6 months (interim Seoul Neurological improvement LDRT is tolerable in
LDRT is effective in moderate 3 times a week a mean age analysis) Neuropsychological was seen in 1 patient. One patients with AD.
patients with AD. AD of Screening Battery at patient showed a temporary 12 months follow-up
71.8 years 3 and 6 months improvement in CDR-SB, 2 is awaited
(range 60- 18F-florapronol PET patients showed stable
83); 5 at 3 months improvement in the K-
women MMSE score 2
Two patients complained of
mild nausea and mild hair
loss during treatment
Rogers®  To report Early AD 5 fractions of 2 Gy 5humans with At 6 week, 3, 9, 12 NCF MMSE-2 T scores: 3 patients Positive safety profile
neurocognitive, over 5 days a mean age months PF improved, 1 remained for the treatment
imaging, Target volume: Whole of QOL stable, and 1 declined. Treatment stabilizes/
ophthalmologic, brain 73.2 years Stable naming skills over time improves cognitive
and safety outcomes (range 69- HVLT-R learning and functions.
after LD-WBRT for 77); 2 males, memory skills declined over ~ Only side effect
patients with early 3 women time for 3 patients, 1 reported was

Alzheimer dementia
treated on a pilot trial.

showed improvement, and
1 showed no change from
the baseline.

BVMT-R learning and
memory skills mildly
declined in 3 patients and
improved in 2 patients.

Declining trend in
psychomotor processing
speed while mental
processing speed, attention,
visuospatial skills were
generally stable.

Mood and QOL remained
stable

temporary epilation
with satisfactory
hair growth

Abbreviations: AD = Alzheimer’s disease; ADFACS = Alzheimer’s Disease Functional Assessment and Change Scale; BVMT-R = Brief Visuospatial Memory Test — Revised; CDR-SB = Clinical Dementia Rat-
ing-Sum of Boxes; CMAI = Cohen-Mansfield Agitation Index; CT = computed tomography; HVLT-R = Hopkins Verbal Learning Test — Revised; K-MMSE = Korean Mini-Mental State Examination 2nd edition;
LDIR = low-dose ionizing radiation; LDRT = low-dose RT; LD-WBRT = low-dose whole-brain RT; MMSE-2 = Mini-Mental State Examination - Second Edition; NCF = neurocognitive function; PET = positron

emission tomography; PF = psychological function; QOL = quality of life; RT = radiation therapy; SIB = Severe Impairment Battery.
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Table 4 Currently ongoing and recruiting trials on RT for AD

Treatment of Alzheimer’s
Disease

Gy x 10 =20
Gy

months posttreatment

Actual study completion date:
February 3, 2021

NCT number/ RT dose and
phase Title fractions Outcome measures Dates Center and location
NCT05635968/ The Clinical Trial of Low- 4cGy x 6=24 1. Changes in cognitive function Actual study start date: July 15, 2022 Kyung Hee University Hospital at
Phase II*’ Dose Irradiation for cGy vs 2. Number of adverse events Estimated study completion date: Gangdong
Alzheimer’s Disease 50 cGy x 6 =300 April 15,2024 Seoul, Republic of Korea
cGy
NCT04203121/ The Safety and Scientific 1.8 Gy x 5=9 Gy 1. Evaluate low-dose whole-brain RT Actual study start date: April 1, 2019 Kyung Hee University Hospital at
Phase N/A™® Validity of Low-dose Whole vs 1.8 in subjects with early AD Estimated study completion date: Gangdong
Brain Radiotherapy on Gy x 3=54Gy 2. Change in brain amyloid deposits July 31, 2020 Seoul, Republic of Korea
Brain Amyloidosis During
the Treatment of Mild or
Moderate Alzheimer’s
Disease
NCT03352258 / Effect of Low-Dose 2 Gy x 5=10 Gy 1. Safety and adverse events Actual study start date: November 17, Geneva University Hospital
Phase N/A™ Radiotherapy on Brain associated with low-dose brain RT 2017 Geneva, Switzerland
Amyloidosis in the 2. Change in brain amyloid deposits Estimated study completion date:
Treatment of Alzheimer’s 3. Neuropsychological performances December 30, 2021
Disease
NCT02769000/ Low Dose RT to Reduce 2 Gy x 5=10 Gy 1. Evaluate toxicity associated with Study start date: May 2016 Virginia Commonwealth
Phase N/A™ Cerebral Amyloidosis in vs 2 delivery of low-dose fractionated Actual study completion date: March University
Early Alzheimer’s Gy x 10 =20 whole brain irradiation 15,2019 Richmond, Virginia, United States
Gy 2. Neurocognitive function
3. Psychological functioning
NCT02359864/ Study of Low Dose Whole 2 Gy x 5=10 Gy 1. To assess adverse events at 6 weeks, Actual study start date: October 1, Beaumont Health
Phase N/A®! Brain Irradiation in the vs 2 3 months, 6 months, and 12 2019 Farmington Hills, Michigan,

United States
Beaumont Health
Royal Oak, Michigan, United States

Abbreviations: AD = Alzheimer’s disease; N/A = Not available; NCT = National Clinical Trial; RT = radiation therapy.
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be a function of biologically effective dose. An increase in
ionized calcium-binding adaptor molecule 1 (IBA-1) posi-
tive cells and a trend of increased interleukin (IL)-10 after
irradiation were interpreted as a signal of a proinflammatory
mechanism induced by RT. Other authors have replied to
this interpretation and suggested these findings to be a con-
sequence of an anti-inflammatory response.32 The authors
also investigated cognitive effects of whole brain RT (5 x 2
Gy) in 64-week-old mice 8 weeks after RT. Irradiated mice
showed improved performance in the Morris water maze
test. In other studies, the authors investigated the effect of
prophylactic irradiation on the development of AS plaques.
Ten-week-old mice received a dose of 5 x 2 Gy to 1 hemi-
sphere. Six months later, the authors found a significant
reduction in plaques of 35% in the cortex and 8% reduction
in the hippocampus.

These observations were confirmed by Wilson et al*' in
14-month-old triple transgenic AD (3xTg-AD) mice. The
dose regimen was 5 x 2 Gy to the hemisphere of each
mouse. The results showed a significant reduction in num-
ber and burden of AB plaques in the irradiated brain area.
Moreover, the authors reported a reduction in tau-associ-
ated NFTs 8-weeks post-RT. The authors noted that the
decrease in Af plaques was more pronounced than that of
tau, which they suggested to align with the amyloid cascade
model of AD pathogenesis. However, they noted that when
discussing the amyloid cascade, it should be kept in mind
that in some studies, immunotherapeutics against Af or tau
had the ability to reduce both of these AD hallmarks, sug-
gesting a synergistic mode of action.”””*

Ceyzériat et al'' then investigated 2 dosing schedules
(5 x 2 Gy delivered in 1 week or delivered in 5 weeks) of
fractionated LDRT in a TgF344 rat model (Tg-AD) at 15
months to the hemisphere. They discovered that, in contrast
to the weekly irradiated group, the group treated daily
showed improved memory performances and locomotion
after 4 months. Unlike the results obtained from previous
studies, a cumulative LDRT dose of 5 x 2 Gy delivered
weekly or daily did not affect the amyloid deposits, that is,
plaque number and plaque density, in the hippocampus or
cortex after 4 months. These findings contradict the results
by Marples et al° and Wilson et al*’, a potential reason being
the advanced stage of AD pathology or the time difference
between RT and analysis, that is, 4 months, which was lon-
ger than in previous studies. A slight increase in hippocam-
pal astrocyte and microglial reactivity was observed in the
weekly irradiated group.”

In their second work on AD, Ceyzériat et al'* used whole
brain LDRT of 5 x 2 Gy over 5 days in 12-month-old 3xTg-
AD mice. Mice underwent behavioral tests before and 8
weeks after treatment. Amyloid load, tauopathy, and neuro-
inflammatory markers were evaluated. The authors found a
significant decrease of aggregated AB42 in the hippocampus.
Neuroinflammation showed a tendency to be lowered by
LDRT. However, tauopathy and cognitive performances
were not improved.

In a third study by Ceyzériat et al, 9-month-old, pre-
symptomatic TgF344-AD rats were irradiated and received
5 X 2 Gy to 1 hemisphere. One-month after irradiation,
neuroinflammation markers and amyloid plaque accumula-
tion were assessed. Eighteen-kDa translocator protein
(TSPO) levels, indicative of neuroinflammation and
increased in unirradiated animals, decreased after LDRT in
the irradiated hemisphere and the nonirradiated hemi-
sphere. Levels of the secreted inflammatory protein clusterin
(sCLU) were elevated in unirradiated TgAD rats, with
LDRT decreasing sCLU levels to normal levels in both
hemispheres of the brain. Both soluble (Tx-soluble) and
aggregated (Gua-soluble) forms of AB40 and AB42 were
reduced by LDRT in the hippocampi of the treated and the
contralateral hemispheres, and the same effect was observed
for Ap42 oligomers. In addition, LDRT increased levels of
soluble APPw, which is associated with the nonamyloido-
genic pathway, but it did not alter the amyloidogenic path-
way. The authors pointed out that irradiation to one
hemisphere also caused effects in the untreated hemisphere.
They suggested that soluble factors might be responsible for
this effect, which is a hypothesis-generating finding that
could potentially open up the possibility to use partial brain
irradiation in future trials once this observation has been
further investigated.'”

Tacono et al'® used a higher order animal model (mini-
pig) to study the effect of a single total-body radiation expo-
sure (1.79 Gy) after 4 weeks. Irradiated animals had lower
levels of pTau in the frontal cortex and hippocampus, APP
in the hippocampus and cerebellum, growth associated pro-
tein 43 in the cerebellum, and higher levels of glial fibrillary
acidic protein in the hippocampus versus sham-animals.
These findings provided insight into the ability of LDRT to
upregulate and downregulate protein expression that can
interfere with the pathological development or progression
of AD. Because the degree and rate of expression of different
proteins varied considerably across the different regions of
the brain, the authors suggested that modern RT techniques
that can spare certain areas of the brain could lead to a
more precise and effective treatment for AD.

A group from South Korea then published 2 studies in
2020. In the first work, Kim et al'’ studied LDRT
(5 x 1.8 Gy) in 4-month-old female 5xFAD mice 4 days
post-RT. The authors reported no significant changes in
the AB accumulation in irradiated mice as compared with
the control group. However, they found a significant
reduction in synaptic and neuronal loss in the hippocam-
pal formation and cerebral cortex as well as reduced
microgliosis and astrogliosis in the irradiated mice. Fur-
thermore, a dose of 1 x 1 Gy was found to suppress AfS;.
4>-induced neuronal death in the neuroblastoma SH-
SY5Y cell line and to inhibit the production of proinflam-
matory molecules and activation of the nuclear factor-«B
pathway in mouse microglia BV-2 cells.

A second study by Kim et al'® using 6-month-old 5xFAD
mice treated with 5 x 2 Gy found that the number of
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microglia and astrocytes were significantly reduced in irra-
diated mice as compared with unirradiated animals. Fur-
thermore, LDRT also significantly inhibited the production
of proinflammatory cytokines. In addition, LDR-modulated
lipopolysaccharide induced neuroinflammation by promot-
ing the production of M2-associated cytokines. The authors
discussed several mechanisms: M2 microglia are moderately
activated cells with associated increased phagocytosis that
might help clearing up AB proteins, with upregulation of
synaptophysin and cell adhesion molecule-enabling synaptic
plasticity and promoting synaptogenesis. Moreover, the
upregulation of heat shock protein 70 could reduce the neu-
rotoxicity of AB. Finally, LDRT could also stimulate the pro-
duction of vascular endothelial growth factors, which would
enable an improved drainage of AS.

In a study from India, Khan et al'” used an AD model using
intracerebroventricular and hippocampal AB;_,, injections.
A dose regimen of 5 x 2 Gy was applied. The authors found a
significant decrease in amyloid deposits, and neurobehavioral
tests showed a significant improvement in memory
impairment. The authors also identified downregulation of
acetylcholinesterase activity in irradiated animals.

While the majority of the mentioned models studied nor-
mofractionated doses, another group from South Korea
compared the effects of hyperfractionated LDRT (5 x 0.6
Gy) with normofractionated LDRT (5 x 2 Gy) in 5xFAD
mice for the first time.”” The effectiveness of hyperfractio-
nated LDRT has previously been studied in benign inflam-
matory-degenerative disorders and has shown widespread
efficacy. The authors reported that LDRT can attenuate
inflammation in AD, specifically in its later stages. A signifi-
cant reduction in proinflammatory cytokines was detected
and a significant decrease in IBA-1 was found in the hippo-
campus. These observations were shown in both dose regi-
mens. The authors suggested that RT, particularly LDRT,
seems to shift the balance between strongly activated and
moderately activated microglia in the hippocampus. RT
may break a vicious cycle between neuroinflammation and
the accumulation of amyloid plaques.

A recent study by Hinshaw et al'” was inspired by
radiation exposure on interplanetary flies. This was also
the first study to investigate both male and female trans-
genic mice (APPswe/PS1dE9 Tg). The authors performed
whole body proton radiation at a dose of 0.5 Gy or 2 Gy
of 1GeV protons. They reported modest effects of dose,
phenotype, and biological sex characteristics on both
cognitive and noncognitive outcomes. They reported
modest but long-term effects of RT in the reduction of
AP load in males but not in females even though female
mice showed more ApB load at baseline. Finally, they
showed a modest reduction in the microglial activation
in male mice treated with 2 Gy as compared with the
sham group.

A work by Chicheva et al'* was also inspired by inter-
planetary flies. The authors examined the impact of com-
bined ionizing radiation on cognitive function in male
transgenic 5xFAD, TauP301S wild-type mice. They used

combined radiation using y rays (0.24 Gy) to the whole
body and '*C (0.18 Gy) to the head. In wild-type mice, an
improvement of spatial learning and stimulation of locomo-
tor and exploratory behavior was found. In addition, an
anxiolytic effect and stimulation of such behavior were
revealed in irradiated mice with tauopathy. Mice with cere-
bral amyloidosis exhibited improved learning in the odor
recognition test.

Effects of RT in the treatment of AD in humans

Publications on humans start with a first case report by Cut-
tler et al”’ on an 81-year-old female with AD who received
very low radiation doses using 5 standard computed tomog-
raphy (CT) scans. The patient showed remarkable improve-
ment in cognition, speech, movement, and appetite during
the first 4 scans. However, her condition deteriorated after
the fifth CT scan. Each scan delivered approximately 40
mGy.

This case report formed the basis for a pilot study on 4
human participants with clinically stable yet advanced stage
dementia. The dosing schedule was similar to that of the
case study. The findings suggested remarkable qualitative
improvements in cognition and behavior in 3 out of 4
patients. However, the fourth patient did not show any
improvement. There were only a few meaningful changes in
the quantitative outcome measures.”*

Rogers et al*® conducted a pilot trial to investigate the use
of RT for the management of early AD in human subjects.
Originally, the researchers intended to treat a cohort of 15
patients with 5 x 2 Gy and upon safe completion of the first
cohort, another 15 patients were to be treated with 10 x 2
Gy. Because of the coronavirus disease pandemic, the trial
ended early after the inclusion of 6 patients with AD (1
screening failure). After LDRT of 5 x 2 Gy, improved Mini-
Mental State Examination (MMSE-2) T-scores in 3 patients
at 1 year were found, while the scores remained stable in 1
and declined in 1 patient. Similarly, naming, learning, and
memory skills remained broadly stable yet within clinically
impaired range for 4 out of 5 patients.

In a very recent 6-month interim analysis of a Korean
pilot study, Kim et al”> published data on 5 patients with
mild-to-moderate AD treated with 6 x 0.5 Gy (3 times a
week). One patient showed a temporary improvement
in the Seoul Neuropsychological Screening Battery II. Two
patients showed stable improvement in the Korean MMSE-
2 score. Two patients complained of mild nausea and mild
hair loss during LDRT, which improved after treatment.
The authors will conduct cognitive function tests 12 months
after LDRT.

Discussion

The role of RT as a possible treatment modality for AD has
shown promising early results, but the field is still in its
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nascent stage, and significant research efforts are required to
fully comprehend and assess its potential. The positive out-
comes seen in mouse models after LDRT are promising, but
caution is needed as we interpret these early findings and
proceed with further investigations.

Proposed mechanisms of action

A number of studies have suggested cognitive improve-
ments through LDRT in animal models and in humans;
however, the mechanisms remain unclear. Several studies
suggest a reduction of neuroinflammation through LDRT
(Fig. 2).>%'>!1%1%22 Le Reun et al’” suggested that LDRT
causes anti-inflammatory effects through interaction with
the ATM kinase, which in turn interacts with or phosphory-
lates certain cytokines. However, the exact mechanisms
remain unclear.

Marples et al. observed a trend for increased IL-10 after
irradiation. Yang et al found that LDRT seems to shift the
balance between proinflammatory and anti-inflammatory
microglia in the hippocampus and suggested that RT could
break a vicious cycle between neuroinflammation and the
accumulation of amyloid plaques. A study by Kim et al.”
discussed mechanisms in which a population of moderately
activated microglia was associated with an increase in
phagocytosis, which might help in clearing abnormal Ap

proteins. Ceyzériat et al."> found that LDRT leads to a
decrease in 18-kDa TSPO levels and decreased levels of

sCLU.
Several trials also showed a reduction in
+16,12,13,16,17,36, 21, 37 21,16 . .
amyloid” ’ and tau. For instance, Wilson

et al. found a significant reduction in the number and bur-
den of AB plaques and tau- associated NFTs post-RT.
Ceyzériat et al."” found LDRT to increase levels of soluble
APPa, which is associated with the nonamyloidogenic path-
way. Tacono et al.'® found that LDRT can upregulate and
downregulate proteins associated with the pathological
development of AD in different areas of the brain. The
authors suggested that RT techniques, which can spare cer-
tain areas of the brain, might have potential benefits, as the
expressional changes of proteins varied across brain regions
in their study. Khan et al.'” identified downregulation of
acetylcholinesterase activity in irradiated animals. Ceyzériat
et al."” highlighted that irradiation to 1 hemisphere caused
effects in the untreated hemisphere as well, suggesting that
soluble factors might be responsible for this bilateral effect.

Open questions on AD pathophysiology

Soluble and plaque-bound ApB as well as neurofibrillary
MAPtau have an impact on all central nervous system
(CNS)-resident cell populations. Neuroinflammation as a
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Fig. 2.

Overview of effects of low-dose radiation therapy in Alzheimer’s disease models. Blue arrows indicate the pathophys-

iological hallmarks of Alzheimer’s disease while red and green arrows indicate effects of radiation therapy. Abbreviations:
AChE = acetylcholine esterase; sSAPP« = soluble amyloid precursor protein .
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prominent hallmark in AD is a prime example: microglia
are the main producers of proinflammatory cytokines in the
CNS, but astrocytes also contribute.’® Neuroinflammation
correlates with an increase of AS levels in AD mouse models
as well as in mild cognitive impairment (MCI), the proposed
precursor of AD, in human patients.””*’ Also, enhanced
MAPtau in patients correlates with increased neuroinflam-
mation.”” Furthermore, RT of brain tumors can lead —
depending on dose, brain region, and radiation regime — to
inflammatory responses.*"** Another intensively researched
aspect is the degradation and loss of myelination in AD,
mediated by changes in the oligodendrocyte, oligodendro-
cyte progenitor cells, and also microglia populations,*’*°
which impact neuronal cell populations and cognition.
Also, demyelination could be induced by RT. Therefore, it is
crucial to monitor not only the A and MAPtau load but
also the changes in the CNS cell landscape in both clinical
trials and preliminary animal experiments.’>”’ This helps
gauge disease progression and detect potential harmful
effects of irradiation at the earliest opportunity.

For this purpose, omics approaches should be included in
future studies. In AD, the assessment of microglia has come
far from the dichotomy division into harmful M1 and bene-
ficial M2 microglia. Single nuclei RNA sequencing revealed
the existence of different microglia subclusters and states,
which are characterized by different transcriptomic signa-
tures, depending on age and brain region, and can change
and develop in the various disease settings.”' A similar
change of view has also occurred with regard to astrocytes,
where Al and A2 are not sufficient anymore to describe the
different astrocyte states.”” In AD mouse models, microglia
clustered around ApB plaques develop a unique signature
(disease-associated microglia), which differs strongly from
microglia away from the plaque.”””* Also, in postmortem
tissue of human patients with AD, microglia are surround-
ing the plaques and express some transcript changes similar
to disease-associated microglia.”” In addition, astrocytes, as
well as the different neurons, oligodendrocytes, and oligo-
dendrocyte progenitor cells, show distinct alterations in
their mRNA profile and number, thus strengthening the
rationale for assessing RNA transcripts in RT.*>°

While single nuclei RNA sequencing was established as
the new standard platform for high-throughput and large-
scale screening in the field within the last years, the protein
level was often neglected. However, many processes are
highly regulated on a protein level, as, for example, IL-1{3
production or autophagy.”” >’ Also, transcriptomic altera-
tions do not necessarily reflect changes on the protein level.
It would thus be beneficial to supplement the transcriptomic
analysis with a proteomics approach using high-throughput
mass spectrometry.(’0 In addition, proteomics allows not
only the quantification but also reveals the composition of
AP plaques and neurofilaments.**°"*°> One important ques-
tion is the choice of the right sample: while brain tissue gives
the best insights into the transcriptional and translational
changes during or after RT, it requires a brain biopsy. Thus

47,48

as proxy, cerebrospinal fluid or plasma could be analyzed,
which was already used successfully for proteomic and tran-
scriptomic screens in patients with AD or multiple sclero-
sis.">**~%" Considering imaging in humans, it should be
mentioned that noninvasive monitoring with positron emis-
sion tomography (PET) can be employed to determine Ap
load”® and neuroinflammation using TSPO tracer.”””"

Challenges in trial design and dose finding

The presented preclinical and clinical data suggest a poten-
tial role of RT in the management of AD. However, design-
ing a larger phase II/III clinical trial is challenging, given the
lack of understanding of underlying pathophysiological pro-
cesses and their interaction with RT. We identified the fol-
lowing challenges in designing a clinical trial.

Primary endpoint and sample size calculation
Clinically important differences in AD trials are of the
utmost importance.”' However, challenges in determining
these differences regarding the endpoint selection remain.
This is also relevant for potential RT trials. It is unclear
whether these trials should primarily address a neurocogni-
tive endpoint measured by testing (MMSE-2, MoCa,
ADAS-Cogl3, etc) or surrogate markers, for example, func-
tional PET imaging changes or cerebrospinal fluid bio-
markers. However, imaging markers still have a
considerable uncertainty and are rarely validated in addition
to the unclear clinically meaningful effect. These limitations
also apply to cerebrospinal fluid biomarkers such as Apl
—42, AB1—40, phosphorylated tau 181, and total tau.”
These uncertainties also hamper the calculation of a mean-
ingful trial’s sample size, with little to no data on the effect
size of RT.

Dose, fractionation, and target volume

As outlined in this review, the data on RT dose and fraction-
ation vary significantly in the preclinical as well as in the
clinical studies from CT-based fractionated RT in the mGy
range in humans, over hyperfractionated approaches, up to
single doses of 15 Gy in murine models. The effectiveness of
doses of RT in animals and humans may depend on age,
sex, stage of the disease, individual radiosensitivity, time
from RT to measurements, and multiple other factors. It
should also be noted that doses used in animal models can-
not be directly extrapolated to human equivalent doses
(human cells are more radiosensitive than murine cells).”*”*
Also, it has been suggested that cells from patients with AD
are more radiosensitive.”” Thirdly, it is a well described
radiobiological phenomenon that lower doses of RT can in
some cases cause higher biological effects than high doses.
One potential explanation for this phenomenon is radio-
induced nucleoshuttling of the ATM protein.”” These radio-
biological facts limit the comparability and are of particular
importance as the potential effect of RT may only be

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en
mayo 13, 2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



Volume 119 ® Number 1 e 2024

Radiotherapy in Alzheimer’s Disease: Review 39

apparent within a specific spectrum of dose and number of
fractions and within a certain time period. Choosing a RT
regimen is an unsolved challenge for the design of an inter-
ventional RT trial. It also remains unclear whether advanced
radiation techniques that can spare radiosensitive parts of
the brain should be discussed and which areas should be
spared. Further preclinical and clinical data are required to
determine a range of efficacious and safe doses (eg., National
Clinical Trials 04203121 and 05635968).

Toxicity and safety

So far, none of the studies conducted in animal models
associated LDRT with any significant short-term or
long-term toxicities. The studies in transgenic mouse
models of AD provide promising preliminary data, but
comprehensive, long-term studies in animals first and
later in humans are required to fully assess the safety of
this treatment approach. No studies in humans in this
review have mentioned any high-grade acute or chronic
toxicity post-LDRT, with 1 exception. However, a poten-
tial increased long-term radiosensitivity in patients with
AD could limit the beneficial effects of RT, especially if
reirradiations should be necessary to obtain durable
treatment effects. Several clinical trials with toxicity and
safety endpoints are ongoing (Table 4).

Patient selection and timing

AD and its precursor, MCI, represent a broad continuum of
a neurodegenerative disorder.”” The slow development of
AD implies a year-long process with a continuous spectrum
of disease states. It remains unclear how and when exactly
RT can modulate the involved neuropathological processes
based on AD severity. The scarcity of clinical data prevents
insights regarding the ideal time when to irradiate patients
with AD, which also concerns the framework of biomarker-
based disease, risk stratification, and ideal patient selection.
The potential role of a prophylactic RT in MCI, when neu-
rodegenerative disease is already histopathologically appar-
ent, remains unclear and may be the subject of further
research.

RT-drug interactions

Current AD treatment involves cholinesterase inhibitors
and memantine. Both drugs are well established, but inter-
actions with RT are poorly understood. This issue extends
to newer drugs, including aducanumab and lecanemab.
These and other monoclonal antibodies may play a future
role in the management of AD. As numerous trials with
antibodies are ongoing, it will be another potential challenge
to determine their compatibility with RT and assess their
combined efficacy and safety.”*”’

Recruitment and adherence

Enrollment of patients into clinical trials is time-consuming
and resource intense. This is particularly relevant to AD tri-
als given the nature of the disease, its diagnosis, and the
necessity of further support from relatives, caregivers, and

. 78,79 . . .
legal representatives.”””” Further issues may arise in the

context of an RT-focused trial, including logistic challenges
for the patient and care givers and hesitancy towards radia-
tion. Furthermore, as AD trials aim to comprehensively
assess clinical, imaging, and biomarker changes, maintain-
ing patients on the trial and collecting study data are addi-
tional challenges to overcome.

Limitations of our work

There are several limitations to the evidence included in this
systematic review. Most of the studies did not comprehen-
sively assess the safety and toxicity profile of RT for treating
AD. Moreover, the studies were unable to assess whether
RT directly or indirectly eliminates AS plaques or prevents
the formation and deposition of new plaques. There are a
lack of data on the molecular mechanisms underlying the
effects of LDRT on AD. Several studies applied LDRT at a
disease stage that may have been too advanced to reasonably
anticipate a reduction in Ap plaques and markers of neuro-
inflammation. Moreover, animal models, RT techniques,
and dosages varied substantially. This hinders a proper stan-
dardized assessment of treatment efficacy.

Limitations of the early clinical trials in humans include
their pilot nature, small sample sizes, inhomogeneous dos-
ing, and different types of radiation. Moreover, Rogers et
al”® reported the inability to interpret the imaging results
clearly as another limitation. This is because Af burdens
often appear rather diffused in human models as compared
with animal models. Therefore, future studies might benefit
from pre- and posttreatment tau-PET imaging or quantita-
tive scoring methods for amyloid PETs, like centiloid scal-
ing.

To our knowledge, this is the first systematic review of
the role of RT in AD. In addition to the previously published
narrative, nonsystematic review, we provide a comprehen-
sive overview of the current evidence, including an assess-
ment of biases of available studies and unanswered
questions related to the underlying AD mechanisms, and we
derive current and future challenges for RT-based trials in
the field.” We hope that this systematic review serves as a
valuable summary to inform future RT research in AD.

Conclusion

Overall, while the prospect of using RT for AD is
intriguing, it is imperative to underscore the necessity
for more extensive and in-depth research in this field.
The aim would not only be to confirm these early find-
ings but also to address the outstanding questions and
challenges on AD pathophysiology, ensuring a compre-
hensive understanding of the risks and benefits associ-
ated with this treatment strategy. A potential role of
LDRT in other neurodegenerative/neuroinflammatory
diseases should be evaluated.

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en
mayo 13, 2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



40

Kaul et al.

International Journal of Radiation Oncology ® Biology ® Physics

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Wu

. Armstrong RA. Review article: What causes alzheimer’s disease? Folia

Neuropathologica 2013;51:169-188.

. Yiannopoulou KG, Papageorgiou SG. Current and future treatments in

Alzheimer disease: An update. | Cent Nerv Syst Dis 2020;12
1179573520907397.
7Z, Tang W, Ibrahim FEEM, et al. Ap induces
neuroinflammation and microglial M1 polarization via cGAS-
STING-IFITM3 signaling pathway in BV-2 cells. Neurochem Res
2023;48:2881-2894.

. Cummings J, Lee G, Ritter A, Sabbagh M, Zhong K. Alzheimer’s dis-

ease drug development pipeline: 2019. Alzheimers Dement (N Y)
2019;5:272-293.

. Ceyzériat K, Tournier BB, Millet P, Frisoni GB, Garibotto V, Zilli T.

Low-dose radiation therapy: A new treatment strategy for Alzheimer’s
disease? ] Alzheimers Dis 2020;74:411-419.

. Marples B, McGee M, Callan S, et al. Cranial irradiation significantly

reduces beta amyloid plaques in the brain and improves cognition in a
murine model of Alzheimer’s Disease (AD). Radiother Oncol
2016;118:43-51.

. Wilson GD, Rogers CL, Mehta MP, et al. The rationale for radiation

therapy in Alzheimer’s disease. Radiat Res 2023;199:506-516.

. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 state-

ment: An updated guideline for reporting systematic reviews. BMJ
2021;372:n71.

. Hooijmans CR, Rovers MM, de Vries RBM, et al. SYRCLE’s risk of bias

tool for animal studies. BMC Med Res Methodol 2014;14:43.

Wells GA, Shea B, O’Connell D, et al. The Newcastle-Ottawa Scale
(NOS) for assessing the quality if nonrandomized studies in meta-anal-
yses. Available at: http://www.ohri.ca/programs/clinical_epidemiology/
oxford.htm, Accessed January 12, 2024.

Ceyzériat K, Zilli T, Fall AB, et al. Treatment by low-dose brain radia-
tion therapy improves memory performances without changes of the
amyloid load in the TgF344-AD rat model. Neurobiol Aging
2021;103:117-127.

Ceyzeriat K, Tournier BB, Millet P, et al. Low-dose radiation therapy
reduces amyloid load in young 3xTg-AD mice. ] Alzheimers Dis
2022;86:641-653.

Ceyzeriat K, Zilli T, Millet P, et al. Low-dose brain irradiation normal-
izes TSPO and CLUSTERIN levels and promotes the non-amyloido-
genic  pathway in  pre-symptomatic ~TgF344-AD rats. ]
Neuroinflammation 2022;19:311.

Chicheva MM, Mal’tsev AV, Kokhan VS, Bachurin SO. The effect of
ionizing radiation on cognitive functions in mouse models of Alz-
heimer’s disease. Dokl Biol Sci 2020;494:225-227.

Hinshaw RG, Schroeder MK, Ciola J, et al. High-energy, whole-body
proton irradiation differentially alters long-term brain pathology and
behavior dependent on sex and Alzheimer’s disease mutations. Int J
Mol Sci 2023;24:3615.

Iacono D, Murphy EK, Avantsa SS, Perl DP, Day RM. Reduction of
pTau and APP levels in mammalian brain after low-dose radiation. Sci
Rep 2021;11:2215.

Khan A, Sati J, Kamal R, Dhawan DK, Chadha VD. Amelioration of
cognitive and biochemical impairment in Ap-based rodent model of
Alzheimer’s disease following fractionated X-irradiation. Radiat Envi-
ron Biophys 2022;61:205-219.

Kim S, Chung H, Mai HN, et al. Low-dose ionizing radiation modu-
lates microglia phenotypes in the models of Alzheimer’s disease. Int ]
Mol Sci 2020;21:4532.

Kim S, Nam T, Kim C, et al. Neuroprotective and anti-inflammatory
effects of low—moderate dose ionizing radiation in models of Alz-
heimer’s disease. Int ] Mol Sci 2020;21:3678.

Kim S, Nam Y, Kim C, et al. Neuroprotective and anti—inﬂammatory
effects of low-moderate dose ionizing radiation in models of Alz-
heimer’s disease. Int ] Mol Sci 2020;21:3678.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wilson GD, Wilson TG, Hanna A, et al. Low dose brain irradiation
reduces amyloid-g and tau in 3xTg-AD mice. | Alzheimers Dis
2020;75:15-21.

Yang EJ, Kim H, Choi Y, et al. Modulation of neuroinflammation by
low-dose radiation therapy in an animal model of Alzheimer’s disease.
Int ] Radiat Oncol Biol Phys 2021;111:658-670.

Cuttler JM, Moore ER, Hosfeld VD, Nadolski DL. Treatment of Alz-
heimer Disease with CT scans: A case report. Dose Response 2016;14:
1559325816640073.

Cuttler JM, Abdellah E, Goldberg Y, et al. Low doses of ionizing radia-
tion as a treatment for Alzheimer’s disease: A pilot study. ] Alzheimers
Dis 2021;80:1119-1128.

Kim A, Lee ], Moon H, et al. The effects of low-dose radiation therapy
in patients with mild-to-moderate Alzheimer’s dementia: An interim
analysis of a pilot study. Radiat Oncol ] 2023;41:89-97.

Rogers CL, Lageman SK, Fontanesi J, et al. Low-dose whole brain radi-
ation therapy for Alzheimer’s dementia: Results from a pilot trial in
humans. Int ] Radiat Oncol Biol Phys 2023;117:87-95.

The clinical trial of low dose irradiation for Alzheimer’s disease. Clini-
calTrials.gov identifier: NCT05635968. Available at: https://Clinical
Trials.gov/show/NCT0563596; Last Update: 2023-10-24, Accessed
January 5, 2024.

The safety and scientific validity of low-dose whole brain radiotherapy in
Alzheimer’s disease. ClinicalTrials.gov identifier: NCT04203121. Avail-
able at: https://clinicaltrials.gov/study/NCT04203121; Last updated: 20-
02-2020, Accessed January 5, 2024.

Effect of low dose radiotherapy on brain amyloidosis in the treatment of
Alzheimer’s disease, ClinicalTrials.gov, identifier:, NCT03352258. Avail-
able at: https://classic.clinicaltrials.gov/ct2/show/NCT03352258Last;
updated: 28-04-2021, Accessed January 5, 2024.

Low dose RT to reduce cerebral amyloidosis in early Alzheimer’s. Clin-
icalTrials.gov identifier: NCT02769000. Available at: https://clinical
trials.gov/study/NCT02769000; Last updated: 16-12-2021, Accessed
January 5, 2024.

Study of low dose whole brain irradiation in the treatment of Alz-
heimer’s disease, ClinicalTrials.gov, identifier:, NCT02359864. Avail-
able at: https://clinicaltrials.gov/study/NCT02359864; Last updated:
26-01-2023, Accessed January 5, 2024.

Garibotto V, Frisoni GB, Zilli T. Re: Cranial irradiation significantly
reduces beta amyloid plaques in the brain and improves cognition in a
murine model of Alzheimer’s disease (AD). Radiother Oncol
2016;118:577-578.

Dai C-L, Tung YC, Liu F, Gong C-X, Igbal K. Tau passive immuniza-
tion inhibits not only tau but also AB pathology. Alzheimers Res Ther
2017;9:1-16.

Rajamohamedsait H, Rasool S, Rajamohamedsait W, Lin Y, Sigurdsson
EM. Prophylactic active tau immunization leads to sustained reduction
in both tau and amyloid-B pathologies in 3xTg mice. Sci Rep
2017;7:17034.

Le Reun E, Foray N. Low-dose radiation therapy (LDRT) against can-
cer and inflammatory or degenerative diseases: Three parallel stories
with a common molecular mechanism involving the nucleoshuttling of
the ATM protein? Cancers (Basel) 2023;15.

Kim S, Chung H, Mai HN, et al. Low-dose ionizing radiation modu-
lates microglia phenotypes in the models of Alzheimer’s disease. Int ]
Mol Sci 2020;21:4532.

Yang E-J, Kim H, Choi Y, et al. Modulation of neuroinflammation by
low-dose radiation therapy in an animal model of Alzheimer’s disease.
Int ] Radiat Oncol Biol Phys 2021;111:658-670.

Heppner FL, Ransohoff RM, Becher B. Immune attack: The role of
inflammation in Alzheimer disease. Nat Rev Neurosci 2015;16:358-372.
Ismail R, Parbo P, Madsen LS, et al. The relationships between neuro-
inflammation, beta-amyloid and tau deposition in Alzheimer’s disease:
A longitudinal PET study. ] Neuroinflammation 2020;17:151.
Welikovitch LA, Do Carmo S, Magloczky Z, et al. Early intraneuronal amy-
loid triggers neuron-derived inflammatory signaling in APP transgenic rats
and human brain. Proc Natl Acad Sci U S A 2020;117:6844-6854.

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en
mayo 13, 2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0001
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0001
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0002
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0002
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0002
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0003
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0003
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0003
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0003
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0003
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0004
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0004
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0004
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0005
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0005
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0005
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0005
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0006
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0006
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0006
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0006
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0007
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0007
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0008
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0008
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0008
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0009
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0009
http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm
http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0015
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0015
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0015
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0015
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0015
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0016
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0016
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0016
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0017
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0017
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0017
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0017
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0024
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0024
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0024
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0023
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0023
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0023
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0023
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0018
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0018
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0018
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0021
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0021
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0021
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0021
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0021
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0020
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0020
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0020
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0019
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0019
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0019
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0074
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0074
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0074
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0012
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0012
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0012
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0012
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0022
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0022
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0022
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0025
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0025
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0025
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0026
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0026
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0026
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0028
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0028
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0028
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0027
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0027
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0027
https://ClinicalTrials.gov/show/NCT0563596
https://ClinicalTrials.gov/show/NCT0563596
https://clinicaltrials.gov/study/NCT04203121
https://classic.clinicaltrials.gov/ct2/show/NCT03352258Last
https://clinicaltrials.gov/study/NCT02769000
https://clinicaltrials.gov/study/NCT02769000
https://clinicaltrials.gov/study/NCT02359864
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0011
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0011
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0011
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0011
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0013
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0013
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0013
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0013
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0014
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0014
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0014
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0014
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0014
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0029
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0029
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0029
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0029
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0030
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0030
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0030
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0031
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0031
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0031
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0032
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0032
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0033
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0033
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0033
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0034
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0034
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0034

Volume 119 ® Number 1 e 2024

Radiotherapy in Alzheimer’s Disease: Review 41

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gutierrez-Quintana R, Walker DJ, Williams KJ, Forster DM, Chalmers
AJ. Radiation-induced neuroinflammation: A potential protective role
for poly(ADP-ribose) polymerase inhibitors? Neurooncol Adv 2022;4:
vdab190.

Constanzo ], Midavaine E, Fouquet J, et al. Brain irradiation leads to
persistent neuroinflammation and long-term neurocognitive dysfunc-
tion in a region-specific manner. Prog Neuropsychopharmacol Biol Psy-
chiatry 2020;102 109954.

Chen P, Guo Z, Zhou B. Disease-associated oligodendrocyte: New
player in Alzheimer’s disease and CNS pathologies. ] Integr Neurosci
2023;22:90.

Kent SA, Miron VE. Microglia regulation of central nervous sys-
tem myelin health and regeneration. Nat Rev Immunol 2024;24:
49-63.

Stassart RM, Mobius W, Nave K-A, Edgar JM. The axon-myelin unit in
development and degenerative disease. Front Neurosci 2018;12:467.
Depp C, Sun T, Sasmita AO, et al. Myelin dysfunction drives amyloid-
B deposition in models of Alzheimer’s disease. Nature 2023;618:349-
357.

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

Mukherjee S, Dubois C, Perez K, et al. Quantitative proteomics of tau
and Ap in detergent fractions from Alzheimer’s disease brains. ] Neuro-
chem 2023;164:529-552.

Goyal H, Singh N, Gurjar OP, Tanwar RK. Radiation induced demye-
lination in cervical spinal cord of the head and neck cancer patients
after receiving radiotherapy. J Biomed Phys Eng 2020;10:1-6.

Lawrence H. Radiation-induced demyelination and remyelination in
the central nervous system: A literature review. Anticancer Res
2018;38:4999.

Paolicelli RC, Sierra A, Stevens B, et al. Microglia states and nomencla-
ture: A field at its crossroads. Neuron 2022;110:3458-3483.

Escartin C, Galea E, Lakatos A, et al. Reactive astrocyte nomenclature,
definitions, and future directions. Nat Neurosci 2021;24:312-325.
Keren-Shaul H, Spinrad A, Weiner A, et al. A unique microglia type
associated with restricting development of Alzheimer’s disease. Cell
2017;169:1276-1290.e17.

Grubman A, Choo XY, Chew G, et al. Transcriptional signature in
microglia associated with AB plaque phagocytosis. Nat Commun
2021;12:3015.

Zhou Y, Song WM, Andhey PS, et al. Human and mouse single-
nucleus transcriptomics reveal TREM2-dependent and TREM2-inde-
pendent cellular responses in Alzheimer’s disease. Nat Med
2020;26:131-142.

Murdock MH, Tsai LH. Insights into Alzheimer’s disease from single-
cell genomic approaches. Nat Neurosci 2023;26:181-195.

Houtman J, Freitag K, Gimber N, Schmoranzer J, Heppner FL, Jen-
drach M. Beclinl-driven autophagy modulates the inflammatory
response of microglia via NLRP3. EMBO ] 2019;38:¢99430.

He W-t, Wan H, Hu L, et al. Gasdermin D is an executor of pyroptosis
and required for interleukin-1p secretion. Cell Res 2015;25:1285-1298.
Freitag K, Sterczyk N, Wendlinger S, et al. Spermidine reduces neuro-
inflammation and soluble amyloid beta in an Alzheimer’s disease
mouse model. ] Neuroinflammation 2022;19:172.

Chen M, Xia W. Proteomic profiling of plasma and brain tissue from
Alzheimer’s disease patients reveals candidate network of plasma bio-
markers. ] Alzheimers Dis 2020;76:349-368.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Xiong F, Ge W, Ma C. Quantitative proteomics reveals distinct compo-
sition of amyloid plaques in Alzheimer’s disease. Alzheimers Dement
2019;15:429-440.

Drummond E, Kavanagh T, Pires G, et al. The amyloid plaque prote-
ome in early onset Alzheimer’s disease and Down syndrome. Acta Neu-
ropathol Commun 2022;10:53.

Higginbotham L, Ping L, Dammer EB, et al. Integrated proteomics
reveals brain-based cerebrospinal fluid biomarkers in asymptomatic
and symptomatic Alzheimer’s disease. Sci Adv 2020;6:aaz9360.

Bader JM, Geyer PE, Muller JB, et al. Proteome profiling in cerebrospi-
nal fluid reveals novel biomarkers of Alzheimer’s disease. Mol Syst Biol
2020;16:€9356.

Jiang Y, Zhou X, Ip FC, et al. Large-scale plasma proteomic profiling
identifies a high-performance biomarker panel for Alzheimer’s disease
screening and staging. Alzheimers Dement 2022;18:88-102.

Piehl N, van Olst L, Ramakrishnan A, et al. Cerebrospinal fluid
immune dysregulation during healthy brain aging and cognitive
impairment. Cell 2022;185:5028-5039.e13.

Schafflick D, Xu CA, Hartlehnert M, et al. Integrated single cell analysis
of blood and cerebrospinal fluid leukocytes in multiple sclerosis. Nat
Commun 2020;11:247.

van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in early Alz-
heimer’s disease. New Engl ] Med 2022;388:9-21.

Poorva J, Chaney AM, Carlson ML, et al. Neuroinflammation PET imag-
ing: Current opinion and future directions. ] Nucl Med 2020;61:1107.
Zhou R, Ji B, Kong Y, et al. PET imaging of neuroinflammation in Alz-
heimer’s disease. Front Immunol 2021;12 739130.

Liu KY, Schneider LS, Howard R. The need to show minimum clini-
cally important differences in Alzheimer’s disease trials. Lancet Psychi-
atry 2021;8:1013-1016.

Scheltens P, De Strooper B, Kivipelto M, et al. Alzheimer’s disease.
Lancet 2021;397:1577-1590.

Diatloff-Zito C, Deschavanne PJ, Loria E, Malaise EP, Macieira-Coelho
A. Comparison between the radiosensitivity of human, mouse and
chicken fibroblast-like cells using short-term endpoints. Int | Radiat
Biol Relat Stud Phys Chem Med 1981;39:419-430.

Parkinson EK, Hume WJ, Potten CS. The radiosensitivity of cultured
human and mouse keratinocytes. Int | Radiat Biol Relat Stud Phys
Chem Med 1986;50:717-726.

Robbins JH, Otsuka F, Tarone RE, Polinsky RJ, Brumback RA, Nee LE.
Parkinson’s disease and Alzheimer’s disease: Hypersensitivity to X rays
in cultured cell lines. J Neurol Neurosurg Psychiatry 1985;48:916-923.
Jeremic D, Navarro-Lopez JD, Jimenez-Diaz L. Efficacy and safety of
anti-amyloid-beta monoclonal antibodies in current Alzheimer’s dis-
ease phase III clinical trials: A systematic review and interactive web
app-based meta-analysis. Ageing Res Rev 2023;90 102012.

Lacorte E, Ancidoni A, Zaccaria V, et al. Safety and efficacy of mono-
clonal antibodies for Alzheimer’s disease: A systematic review and
meta-analysis of published and unpublished clinical trials. ] Alzheimers
Dis 2022;87:101-129.

Langbaum JB, Zissimopoulos J, Au R, et al. Recommendations to
address key recruitment challenges of Alzheimer’s disease clinical trials.
Alzheimers Dement 2023;19:696-707.

Clement C, Selman LE, Kehoe PG, Howden B, Lane JA, Horwood J.
Challenges to and facilitators of recruitment to an Alzheimer’s disease
clinical trial: A qualitative interview study. ] Alzheimers Dis
2019;69:1067-1075.

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en
mayo 13, 2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0035
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0035
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0035
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0035
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0036
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0036
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0036
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0036
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0037
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0037
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0037
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0038
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0038
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0038
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0039
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0039
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0040
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0040
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0040
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0041
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0041
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0041
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0042
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0042
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0042
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0042
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0043
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0043
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0043
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0044
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0044
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0044
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0045
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0045
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0046
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0046
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0047
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0047
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0047
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0048
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0048
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0048
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0048
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0049
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0049
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0049
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0049
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0050
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0050
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0051
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0051
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0051
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0052
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0052
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0052
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0053
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0053
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0053
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0054
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0054
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0054
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0055
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0055
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0055
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0056
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0056
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0056
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0057
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0057
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0057
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0058
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0058
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0058
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0059
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0059
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0059
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0060
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0060
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0060
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0061
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0061
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0061
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0062
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0062
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0063
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0063
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0064
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0064
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0065
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0065
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0065
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0066
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0066
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0067
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0067
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0067
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0067
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0068
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0068
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0068
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0069
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0069
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0069
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0070
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0070
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0070
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0070
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0071
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0071
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0071
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0071
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0072
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0072
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0072
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0073
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0073
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0073
http://refhub.elsevier.com/S0360-3016(23)08172-5/sbref0073

	Radiation Therapy in Alzheimer's Disease: A Systematic Review
	Introduction
	Methods and Materials
	Data items
	Quality assessment

	Results
	Effects of RT in the treatment of AD in animal models
	Effects of RT in the treatment of AD in humans

	Discussion
	Proposed mechanisms of action
	Open questions on AD pathophysiology
	Challenges in trial design and dose finding
	Primary endpoint and sample size calculation
	Dose, fractionation, and target volume
	Toxicity and safety
	Patient selection and timing
	RT-drug interactions
	Recruitment and adherence

	Limitations of our work

	Conclusion
	Outline placeholder
	References




