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Abstract 

Background Rapamycin is an inhibitor of the mechanistic target of rapamycin (mTOR) protein kinase, and preclini‑
cal data demonstrate that it is a promising candidate for a general gero‑ and neuroprotective treatment in humans. 
Results from mouse models of Alzheimer’s disease have shown beneficial effects of rapamycin, including prevent‑
ing or reversing cognitive deficits, reducing amyloid oligomers and tauopathies and normalizing synaptic plasticity 
and cerebral glucose uptake. The “Evaluating Rapamycin Treatment in Alzheimer’s Disease using Positron Emission 
Tomography” (ERAP) trial aims to test if these results translate to humans through evaluating the change in cerebral 
glucose uptake following six months of rapamycin treatment in participants with early‑stage Alzheimer’s disease.

Methods ERAP is a six‑month‑long, single‑arm, open‑label, phase IIa biomarker‑driven study evaluating if the drug 
rapamycin can be repurposed to treat Alzheimer’s disease. Fifteen patients will be included and treated with a weekly 
dose of 7 mg rapamycin for six months. The primary endpoint will be change in cerebral glucose uptake, measured 
using  [18F]FDG positron emission tomography. Secondary endpoints include changes in cognitive measures, markers 
in cerebrospinal fluid as well as cerebral blood flow measured using magnetic resonance imaging. As exploratory out‑
comes, the study will assess change in multiple age‑related pathological processes, such as periodontal inflammation, 
retinal degeneration, bone mineral density loss, atherosclerosis and decreased cardiac function.

Discussion The ERAP study is a clinical trial using in vivo imaging biomarkers to assess the repurposing of rapamycin 
for the treatment of Alzheimer’s disease. If successful, the study would provide a strong rationale for large‑scale evalu‑
ation of mTOR‑inhibitors as a potential disease‑modifying treatment in Alzheimer’s disease.

Trial registration ClinicalTrials.gov ID NCT06022068, date of registration 2023–08‑30.
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Background
For many decades, the “amyloid hypothesis” has been 
the dominant scientific lead in understanding and treat-
ing Alzheimer’s disease (AD). Clinical trials that directly 
target amyloid plaques (such as amyloid antibodies) have 
however resulted in mixed success [1]. Only recently have 
two amyloid antibodies been given accelerated approval 
by the FDA. The drugs are prohibitively priced and ques-
tions about their efficacy and safety profile remain [2]. It 
is therefore crucial to explore new scientific approaches 
to find an efficient disease-modifying intervention. One 
such approach is to focus on the single largest risk factor 
for AD: advancing age.

It is estimated that the risk of developing AD dou-
bles every five years over the age of 65 [3], and the risk 
of death from AD increases by about 700 times between 
the ages of 55 and 85 [4]. Within the field of gerosci-
ence, which focuses on the biology of aging, an increas-
ing number of interventions have been shown to enhance 
the lifespan of model organisms and slow down or pre-
vent age-related pathology [5]. One promising approach 
to understand and treat age-related diseases like AD is to 
study the effects of such interventions; defined as “gero-
protective compounds”, in humans [6]. Pre-clinical data 
suggest that the drug rapamycin is a promising candidate 
for this purpose [6, 7].

Rapamycin, also known as sirolimus, is an immuno-
suppressive drug which has been in clinical use for more 
than two decades. In mice, treatment with rapamycin 
increases average lifespan by 10 to 15% [8]. The drug has 
also been shown to increase healthspan in model organ-
isms by delaying the onset of age-related diseases [9]. For 
example, preclinical data support a beneficial effect of 
rapamycin (or its analogues) on periodontitis [10], retinal 
pathologies [11, 12], atherosclerosis [13, 14]; cardiac dys-
function [15, 16], and bone mass loss [17, 18]. Such dis-
eases are commonly manifested with increasing age and 
are considered frequent comorbidities to AD [19–31].

There is a large body of preclinical data suggesting that 
repurposing rapamycin to treat AD could be effective 
[6, 7]. In several independent mice models of AD, rapa-
mycin has been shown to prevent and reverse cognitive 
deficits [32, 33], reduce amyloid oligomers and tauopa-
thies [34, 35], normalize synaptic plasticity [36], cerebral 
glucose uptake and [33] vascular cognitive impairment 
[37]. Additionally, in transgenic rodent models of AD, 
rapamycin has demonstrated neuroprotective effects by 
restoring blood–brain barrier function [32] and improv-
ing neurovascular coupling [38].

Despite promising preclinical data supporting rapam-
ycin as an effective agent in alleviating or reversing AD 
pathology, no large-scale human clinical studies have 

been initiated. Currently, only one phase II trial is ongo-
ing (ClinicalTrials.gov ID: NCT04629495).

Conducting randomized controlled trials (RCTs) with 
symptom ratings (such as cognitive ability) as endpoints 
is challenging due to the need for large sample sizes 
and high costs. An alternative approach is to assess the 
impact of candidate interventions on AD biomarkers 
before initiating such large-scale RCTs. By focusing on 
well-established and precise biomarkers of the disease 
rather than symptom ratings, evidence of slowing or even 
reversal of pathology can be obtained with much smaller 
sample sizes [39, 40].

The purpose of the study “Evaluating rapamycin treat-
ment in Alzheimer’s disease using positron emission 
tomography” (ERAP) is to assess the effect of rapamycin 
in treating early-stage AD. This will be done by measur-
ing changes in biomarkers using in vivo imaging modali-
ties, such as positron emission tomography (PET) and 
magnetic resonance imaging (MRI), as well as biomarker 
changes in cerebrospinal fluid (CSF). We will test the 
hypothesis that rapamycin can reverse AD-associated 
brain pathologies, resulting primarily in  an increase in 
neuronal glucose metabolism, and secondarily in  an 
improved cerebral blood flow and a decrease in tau 
and amyloid protein aggregates in the CSF. We will also 
record the occurrence of adverse events and investigate 
pharmacokinetic properties of the drug. Further, we aim 
to explore the effect of rapamycin on other age-related 
pathologies in the body using different imaging tech-
niques to assess changes in i) periodontal inflammation, 
ii) retinal structures, iii) bone mineral density, iv) athero-
sclerosis, as well as v) cardiac function. The results from 
this phase IIa trial will be used to inform on the feasibility 
of conducting a larger controlled trial in the future.

Methods
Study design
ERAP is a single-centre, open-label, one-arm, phase IIa 
intervention study. Fifteen patients diagnosed with early-
stage AD will be recruited from the Karolinska Univer-
sity Hospital, Medical Unit Aging Memory clinic, located 
in Solna, Stockholm, Sweden. The unit is a specialized 
outpatient clinic that examines individuals referred by 
general practitioners in primary and occupational health 
care in the northern catchment of Stockholm, as well as 
individuals younger than 70  years in the entire Stock-
holm region [41].

Following baseline measurements, all participants will 
receive a weekly oral dose of 7  mg rapamycin (Tablet 
Rapamune®) for a duration of six months. Throughout 
the study, participants will be continuously monitored 
for safety and adverse events. By the end of the treat-
ment period, follow-up measurements will be conducted. 
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Figure 1 presents a schematic overview of the study time-
line for each participant.

Participants
The study will enrol patients with early-stage AD, defined 
as fulfilling criteria for Alzheimer’s clinical syndrome, 
with either mild cognitive impairment (MCI) or mild 
dementia of the Alzheimer’s type, according to the NIA-
AA (National Institute of Aging-Alzheimer’s Association) 
2018 criteria [42] (see Table 1 for specific study eligibility 
criteria).

Study drug
Rapamycin was approved in 1999 in the USA and in 
2001 in Europe as an immunosuppressive drug to pre-
vent organ rejection in renal transplantation [43]. The 
drug and structurally analogous compounds (known as 
“rapalogs”), such as everolimus, have been approved for 
the treatment of several solid tumours [44, 45], and is 
currently the only pharmacological option when treating 
tuberous sclerosis complex (TSC) [46]. Rapamycin exerts 
its effect by inhibiting the intracellular protein kinase 
mTOR, which stands for “mechanistic target of rapamy-
cin”. mTOR has been shown to be central in the regula-
tion of several important functions in mammalian cells, 
such as cell growth and proliferation, protein synthesis, 
and autophagy [47].

The bioavailability of orally administered rapamy-
cin is low (approximately 15%) and highly variable 
(SD = 9%). The drug is metabolized in the liver, primar-
ily by CYP3A4, with a terminal half-life of 62 h, though 
also here with large interindividual variability (SD = 16 h) 
[48].

Adverse events, mitigation strategies and dosing
The side effect profile of rapamycin is well known 
from a large number of clinical trials and from long 
clinical use. The treatment is generally well tolerated, 

but common side effects, as described in the product 
information [43] are; stomatitis, diarrhea, and nausea. 
Changes in clinical laboratory values observed during 
rapamycin treatment include increased blood levels of 
cholesterol and triglycerides, and bone marrow depres-
sion manifesting as thrombocytopenia and anemia. The 
incidence of bacterial infections has been reported as 
increased in cancer patients treated with rapamycin, 
along with reports of cases of non-infectious pneumo-
nitis [44].

Notably, the data on side effects is based on the use of 
rapamycin following organ transplantation, where the 
drug is commonly used together with other immuno-
suppressants. In the ERAP trial, we plan to deviate from 
the standard dosing of rapamycin in two ways. Typi-
cally, when used as an immunosuppressant, rapamycin is 
administered orally at a daily dose of 2 mg or above [43]. 
We will instead administer an overall lower dose but in 
an intermittent fashion; a weekly oral dose of 7 mg. This 
change is aimed at reducing the risk of adverse events. 
The rationale behind this is that positive effects of rapa-
mycin are hypothesized to be caused by inhibition of 
the mTOR1 complex, while many of the side effects are 
hypothesized to be due to inhibition of the mTOR2 com-
plex. While mTOR1 is sensitive to acute dosing treat-
ment, mTOR2 requires sustained exposure of the drug to 
be effectively inhibited [45].

Patients will be monitored for side effects during the 
study, including the collection of blood samples at follow-
up visits (see Table  2). These samples will be analysed 
for standard clinical measures, including parameters 
known to be affected by rapamycin: complete blood 
count with differential and platelet count, sodium, potas-
sium, chloride, albumin, creatinine, bilirubin, alkaline 
phosphatase, alanine aminotransferase, aspartate ami-
notransferase, gamma-glutamyl transferase, glucose, cho-
lesterol, triglycerides, calcium, phosphorus, and creatine 
phosphokinase.

Fig. 1 Study timeline for each participant
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Blood–brain‑barrier passage
 The extent to which rapamycin crosses the blood-brain 
barrier (BBB) in humans has not been thoroughly inves-
tigated. Rapamycin is a large molecule (molecular weight 
914.2) and a substrate, albeit with low affinity, for the 
efflux pump P-glycoprotein [46]. Compounds with these 
properties are often considered unlikely to pass from 
intestine to blood and bind to an intracellular target [47]. 
It is however known, from long clinical use, that oral 
treatment with rapamycin in humans leads to intracel-
lular mTOR inhibition. The molecule’s ability to  pass 
through cell membranes  , likely facilitated by its  high 
lipophilicity (logP estimated to be 4.3), supports its pas-
sage across the BBB despite its size .

 After oral administration, detectable levels of rapamy-
cin have been found in the brains of rodents [49, 50], and 
a large number of studies show clear effects in the cen-
tral nervous system of animals [7]. Support for cerebral 
target engagement (i.e. mTOR inhibition) in humans 
comes  from the use of rapamycin as a first-line treat-
ment for the cerebral manifestations of TSC [51]. TSC 
is a genetic disorder that activates the mTOR pathway, 
leading to the growth of benign tumors in various organs, 
including the brain. Inhibition of mTOR with rapamycin 
analogues is the only approved pharmacological treat-
ment of the disease, and the only feasible mechanism of 
action is mTOR inhibition in cells behind the BBB.

Visits and data collection
Table  2 and Supplementary Information (Additional 
file  1) outline the study visits, follow-ups, and cor-
responding assessments. In brief, participants will be 
invited to a first screening visit accompanied by a study 
partner. During this visit, the study will be explained in 
detail and written informed consent will be obtained. 
Basic clinical and demographic information will be col-
lected, and the study eligibility criteria will be assessed 
(see Table 1).

Before initiating the  study treatment, the following 
baseline examinations will be performed:  [18F]Fluoro-
deoxyglucose  ([18F]FDG) PET/CT imaging, brain and 
head MR imaging, cardiological MR imaging, retinal 
optical coherence tomography, lumbar puncture for 
collection of a CSF sample, as well as neuropsycho-
logical testing and physical aptitude. At the end of the 
treatment period, the same set of follow-up examina-
tions will be conducted.

 Throughout  the treatment period, participants will 
attend three clinical follow-up visits. At every visit, 
information on side effects will be collected. During 
the second clinical follow-up, blood samples  will be 
collected at four time points over 48  h to assess  the 
drug’s pharmacokinetic properties (just before and 1,3, 

Table 1 Eligibility criteria

Study eligibility criteria

Inclusion criteria
  1. Age: 55–80 years.
  2. Has an available “study partner” who can accompany the participant 

to planned visits.
  3. Has a clinical diagnosis of MCI (mild cognitive impairment) or dementia 

of the Alzheimer’s type, and:
    ◦ At inclusion, the participant meets the criteria for “Alzheimer’s  

clinical syndrome”, MCI, or mild dementia of the Alzheimer’s type, 
according to the NIA‑AA (National Institute of Aging‑Alzheimer’s 
Association) 2018 criteria [42].

    ◦ At inclusion, the participant is amyloid positive, established 
with either amyloid PET imaging, or a CSF beta amyloid 1–42 assay, 
or a CSF beta amyloid 1–42/ beta amyloid 1–40 assay.

      3.1 For participants with dementia, the disease should be in an  
early stage, operationalized as:

        ◦ Having stage 4 mild dementia or lower, according to the  
NIA‑AA 2018 clinical staging criteria [42].

        ◦ Having a clinical Dementia Rating Scale (CDR) global score  
of 1 or lower.

        ◦ Having a Montreal Cognitive Assessment (MoCA) score of  
≥ 18 or a Rey Auditory Verbal Learning Test (RAVLT) > 4 words 
after 30 min.

      3.2 For participants with a diagnosis of MCI, a cognitive deficit 
with > ‑1SD in at least one of the following cognitive tests: 
Wechsler Adult Intelligence Scale subtest to assess processing 
speed/attention, Rey Auditory Verbal Learning Test (learning 
and delayed recall), or Rey Complex Figure Test.

  4. Is proficient in the Swedish language.
  5. Has a normal or clinically acceptable medical history, physical examina‑

tion, and vital signs.
  6. For female participants, the participant has no childbearing potential, 

meaning that she is surgically sterile or post‑menopausal, or has a 
negative pregnancy test following a menstrual period AND uses 
an acceptable effective contraceptive measure, which must be continued 
for at least 12 weeks after stopping the study drug.

Exclusion criteria
  1. Has a history of any major disease that may interfere with safe engage‑

ment in the intervention (especially severe liver or kidney disease, 
or uncontrolled diabetes).

  2. Has a history of a major neurological disorder, central nervous system 
infarct, infection or focal lesions of clinical significance on MRI scans.

  3. There is evidence of a clinically relevant or unstable psychiatric disorder, 
based on Diagnostic and Statistical Manual of Mental Disorders (DSM‑5) 
criteria, including schizophrenia or other psychotic disorder, or bipolar 
disorder.

  4. Fulfills any contraindication for the use of rapamycin, including (but 
not restricted to):

    ◦ Current or planned medication with a strong inhibitor of CYP3A4 
or P‑gp.

    ◦ Current or planned medication with a strong inducer of CYP3A4 
or P‑gp.

    ◦ Other current medications with known serious interaction risks 
with rapamycin.

    ◦ Known allergy or hypersensitivity to rapamycin.
  5. Has significant obesity, as per the investigator’s judgement.
  6. Has untreated hyperlipidemia that is clinically significant, as per 

the investigator’s judgement.
  7. Has undergone treatment with immunosuppressive medications 

within the last 90 days, or treatment with chemotherapeutic agents 
for malignancy within the last 3 years.

  8. Has had major surgery within 3 months prior to the planned start of  
rapamycin treatment, or has major surgery planned during the trial  
period.

  9. Has used experimental medications for AD or any other investigational 
medication or device within the last 60 days of inclusion.

    ◦ Participants who have been involved in a monoclonal antibody  
study are excluded unless it is known that they were receiving 
placebo in that trial.
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and 48 h after intake of the weekly dose). At the third 
clinical follow-up visit, which will occur after the final 
dose of the study drug, neuropsychological cogni-
tive tests will be performed and a CSF sample will be 
collected. Additionally, participants will have at least 
two scheduled phone calls during the study to assess 
adverse events or changes in concomitant medications/
supplements.

Objectives and endpoints
Table  3 presents the study objectives along with their 
respective outcomes and endpoints.

Primary objective
The primary objective of ERAP is to evaluate the effect 
of rapamycin on the progression of early-stage AD. The 
primary endpoint will be the change in  [18F]FDG PET 
uptake in the cerebral grey matter between baseline and 
the end of the study. Multiple studies have demonstrated 
that cerebral glucose metabolism, assessed using  [18F]
FDG PET, declines progressively with normal aging and 
is further impaired in AD [52, 53]. Consequently, brain 
 [18F]FDG uptake is commonly utilized as a diagnostic 
tool for AD and has served as a biomarker for disease 

Table 2 Visits, follow‑ups and their corresponding assessments/examinations

a For the PET, MRI, and the OCT examinations, the order is interchangeable
b Pharmacokinetic testing will consist of a total of 4 blood samples per participant. Blood samples will be collected for determining the concentration of rapamycin as 
follows: within 1 h prior to administration of rapamycin, at 1 and 3 (± 30 min) hours post administration of rapamycin, and 48 h post administration
c  The first weekly dose of rapamycin will be taken on a weekday, after completing the baseline measurements. The treatment will last for 26 weeks (182 days)
d In the event that patients are included where the most recent lumbar puncture and/or blood tests and/or cognitive testing are > 9 months old, one additional visit 
will be planned for new measurements to function as baseline values

Procedure Screening 
and 
inclusion

Baseline 
imaging

Phone 
follow-up 1

Clinical 
follow-up 1

Phone 
follow-up 2

Clinical 
follow-up 2

Follow-up 
imaging

Clinical 
follow-up 3

-42 to 1 day(s) 
before first 
dose

1–3 days after 
first dose

5–14 days 
after first dose

23–56 days 
after first dose 
(± 14 days)

71–105 days 
after first dose 
(± 14 days)

-14 to 
27 days 
after last 
dose

≤ 28 days after 
last dose

Check inclu‑
sion/exclusion 
criteria

√ √ √ √ √ √ √ √

Medical history/
concomitant 
medications

√ √ √ √ √ √

Physical 
and Neurologi‑
cal Examination

√ √ √ √

Instructions 
for taking 
the study drug

√ √

Retinal  OCTa √ √

[18F]FDG PET 
and  qCTa

√ √

Head/brain 
 MRIa

√ √

Cardiovascular 
 MRIa

√ √

Start treatment 
with study 
 drugc

√

Blood collec‑
tion d

√ √b √

Lumbar 
 punctured

√ √

Cognitive 
 testingd

√ √

Adverse Events 
(AE & SAE)

√ √ √ √ √

Study end √
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progression when assessing the effectiveness of potential 
AD treatments [54].

Secondary endpoints for assessing treatment efficacy 
will be change between baseline and end-of-study in cere-
bral grey matter perfusion (blood-flow) measured by MRI 
and a pseudo-continuous arterial spin-labeling sequence; 
CSF levels of amyloid beta 42, phosphorylated tau and 
total tau; and  change in the neuropsychological test the 
Montreal Cognitive Assessment (MoCA) total score.

Secondary objectives
The safety and tolerability of intermittently dosed rapam-
ycin in early-stage AD will be assessed. We will monitor 
and record the incidence of treatment-emergent adverse 

events (AE), severe adverse events (SAE) through clinical 
follow-up examinations, where vital signs and blood tests 
will be evaluated (see Supplementary Information 2 and 
3 (Additional file 1)).

The pharmacokinetic profile of rapamycin has not 
been thoroughly studied in the setting of an intermit-
tent dosing scheme. As a secondary objective, we will 
assess the differences in whole blood concentration of the 
study drug among individuals by comparing peak  (Cmax), 
trough  (Ctrough), and area-under-the-curve (AUC) con-
centrations. This will also allow us to assess if any poten-
tial differences in the treatment effect are associated with 
drug whole blood concentration among participants.

Table 3 Study objectives and endpoints

PET Positron Emission Tomography, MRI Magnetic Resonance Imaging, MoCA Montreal Cognitive Assessment, OCT Optical Coherence Tomography, qCT quantitative 
Computer Tomography, AE Adverse Event, SAE Severe Adverse Event

Primary objective Primary endpoint

 To evaluate the efficacy of rapamycin treatment in patients with early‑
stage Alzheimer’s disease

Change‑from‑baseline for:
•  [18F]FDG brain uptake, measured with PET

Secondary endpoints

Change‑from‑baseline for:
• MoCA total score
• CSF levels of amyloid beta, p‑tau, and t‑tau
• Cerebral blood flow, measured with MRI using a non‑invasive pseudo‑
continuous arterial spin‑labeling sequence

Exploratory endpoints

• Physical performance:
◦ Timed 10 m walking test
◦ Timed 10 m dual‑task test
◦ 30 s chair stand test
◦ Hand strength
• Neuropsychological cognitive testing using:
◦ Rey Auditory Verbal Learning Test (learning and delayed recall)
◦ Rey–Osterrieth Complex Figure
◦ Hagman test
◦ Trail Making Test A + B
◦ Wechsler Adult Intelligence Scale, 4th edition coding subtest to assess 
processing speed/attention

Secondary objectives

 To evaluate pharmacokinetic properties of intermittent dosing of rapa‑
mycin

Whole blood measurements of rapamycin concentration:
◦  Cmax
◦  Ctrough
◦ Area under the curve

 To evaluate the safety and tolerability of rapamycin when intermittently 
dosed against AD

Safety and tolerability as measured by incidence of AEs/SAEs; clinical 
laboratory test data; vital signs

Exploratory objectives

 To evaluate a general “geroprotective” effect of rapamycin treatment, 
by measuring changes in age‑related tissue pathologies, such as:
  • Periodontal associated inflammation
  • Retinal degeneration
  • Atherosclerosis in large arteries
  • Heart function
  • Myocardial inflammation
  • Bone mineral density

Change‑from‑baseline for:
• Periodontal oedema and bone remodeling, measured using MRI and CT
• Thickness and thickness ratios of retinal nerve fiber layers in the macula 
and optic disc, measured using OCT
• Pulse wave velocity in the aorta, measured using MRI
•  [18F]FDG uptake in atherosclerotic plaques in large arteries
• Heart function (including, but not limited to: diastolic function, micro‑
vascular function, myocardial‑volume and strain), measured with MRI
• Bone mineral density in lumbar vertebrae, measured using qCT
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Exploratory objectives
An exploratory objective of this study is to quantify 
changes in multiple age-related tissue pathologies before 
and after rapamycin  treatment, using  various imaging 
techniques (see Table 3). If beneficial effects on multiple 
such pathologies can be shown, it will lend support to the 
hypothesis that the study drug has a general geroprotec-
tive effect in humans.

Exploratory outcomes will include  assessments of 
changes between baseline and end-of-study imaging out-
comes, such as retinal nerve fibre layer thickness, peri-
odontal oedema, arterial stiffness and  [18F]FDG uptake 
in arterial plaques, cardiac diastolic function, myocardial 
strain, cardiac microvascular function, and bone mineral 
density.

Adverse events
Safety and tolerability will be assessed through moni-
toring and recording of all adverse events and serious 
adverse events. Clinically significant deviations in vital 
signs, laboratory evaluations, and physical examinations 
will be considered as adverse events and will be followed 
up. To the extent possible, all adverse events will be 
described by their severity grade, duration, and relation-
ship to the study drug.

Statistics
Based on the relatively low variability in long-term 
test–retest data of  [18F]FDG in humans [55, 56], a sam-
ple size of N = 15 is estimated to be sufficient to detect 
a 5% change in cerebral grey matter metabolic rate 
at 80% power with a significance level of 0.05. Such a 
hypothesized effect size is considered feasible given 
previous trials of AD using  [18F]FDG as an outcome 
measure [57, 58].

The change in estimated metabolic rate of grey matter 
 [18F]FDG between baseline and follow-up imaging will be 
assessed using a paired t-test. Additionally, grey matter 
differences in standardized uptake value ratios, using the 
cerebellum as a pseudo-reference region (denominator), 
will be evaluated as a complementary outcome measure 
of  [18F]FDG uptake. The level of significance will be set 
at 0.05.

Paired t-tests will also be used to assess differences 
between baseline and end-of-study secondary out-
come measures. We will also explore if pharmacokinetic 
parameters are correlated with 1) each other, 2) side 
effect burden, 3) treatment effect using linear models.

Ethical and regulatory considerations
The study will be conducted in accordance with the 
Declaration of Helsinki and the International Confer-
ence on Harmonisation for Good Clinical Practice (ICH 

GCP E6). The study protocol and relevant documents 
were approved by the Swedish Medical Products Agency 
(Läkemedelsverket, number: 5.1–2023-8283), and the 
Swedish Ethical Review Authority (Etikprövningsmyn-
digheten, number: 2023–03075-02 and 2023–00611-
01), EudraCT number: 2023–000127-36. The trial has 
been registered at ClinicalTrials.gov (NCT06022068, 
first release August 30, 2023). Prior to study enrolment, 
informed consent will be obtained from each participant 
and their study partner.

Discussion
The ERAP trial is a phase IIa, one-arm, open-label, sin-
gle-centre study designed to investigate the potential 
of the drug rapamycin to be repurposed as a treatment 
for early-stage AD. Repurposing an approved drug for a 
new indication has the potential to substantially reduce 
the cost and time of drug development [59]. In the field 
of AD treatment research, 37% of candidate agents in the 
pipeline are repurposed drugs [60].

Possible mechanisms of action
Preclinical data suggest that rapamycin may be an effec-
tive drug for treating neurodegenerative disorders [6, 7]. 
Several non-mutually exclusive mechanisms have been 
hypothesized to underlie this putative effect:

1) Autophagy Regulation: Inhibition of mTOR is known 
to upregulate cellular macro-autophagy [9]. Deterio-
rating autophagy and increased mTOR activity have 
been observed in normal aging and in the progres-
sion of AD [61, 62]. Autophagy plays a central role in 
clearing intracellular toxic aggregate-prone proteins. 
Stimulation of autophagy by rapamycin could facili-
tate intercellular clearance of misfolded proteins cen-
tral to the pathophysiology of AD.

2) Vasculoprotection: Reduced cerebral perfusion and 
compromised integrity of the blood-brain barrier 
(BBB) have been suggested as drivers behind AD 
pathology [63, 64], supported by observations of 
cerebrovascular dysfunction as one of the earliest 
detectable changes in AD patients [65]. Rapamycin 
has been shown to improve cerebral perfusion and 
BBB integrity in rodent models of AD, supporting the 
notion of the mTOR pathway as a potential target for 
brain vasculoprotection in AD [66].

3) Immunomodulation: A sustained activation of micro-
glia and ensuing inflammation is a central feature of 
neurodegenerative disorders, including in AD [67]. 
Rapamycin’s effect on immune function is complex; 
while its main clinical use has been as an immunosup-
pressant, it has also been shown to augment immu-
nity to certain pathogens [68], and improve response 
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to influenza vaccination in elderly individuals [69]. 
Beneficial immunomodulatory effects could be driven 
by an increase in T-regulatory (Treg) cell function. 
Tregs might play an important role in the treatment 
of AD by suppressing microglia-mediated inflamma-
tion [70]. In line with this, a reduction in inflamma-
tory CNS markers has been shown following rapa-
mycin treatment [71], suggesting that this could be a 
potential mechanism for a treatment effect on AD.

Assessment of general geroprotective properties
In addition to its potential as a treatment for AD, rapa-
mycin has also been hypothesized to have a general 
geroprotective effect by slowing multiple age-related pro-
cesses in the human body. In the ERAP trial, we aim to 
collect data on a wide range of age-related pathological 
processes using imaging techniques such as PET, MRI, 
CT, and retinal OCT. If positive changes are observed in 
multiple outcomes reflecting various age-related patholo-
gies in different organs and tissues, it would support the 
hypothesis that rapamycin has a general geroprotective 
effect. The logistics of collecting and quantifying the 
listed exploratory imaging outcomes in Table 3 are facili-
tated by the fact that participants are already undergoing 
whole-body PET/CT examinations and MRI procedures 
for the trial’s primary and secondary endpoints. Adding 
sequences to quantify potential changes in additional 
pathologies can therefore be done with acceptable lev-
els of additional discomfort and/or radiation exposure to 
participants.

Limitations
The main limitations of this study are the absence of a 
control group, small sample size, and short trial dura-
tion. Without a control group, detecting any potential 
inhibition of AD progression is not possible, and the 
current design relies on an increase in cerebral glucose 
metabolism in a relatively short time to demonstrate a 
positive treatment effect. However, ERAP is a phase IIa 
trial aimed at generating exploratory data on the effect 
of rapamycin on AD and assessing the feasibility of con-
ducting a larger, longer and controlled clinical trial using 
imaging outcomes as endpoints in the future.

Conclusions
The study will measure a set of AD biomarkers before 
and after a 6-month dosing scheme, with the primary 
endpoint being change in  [18F]FDG PET uptake in the 
cerebral grey matter, a well-established diagnostic and 
prognostic biomarker of AD disease progression. The 
findings from this repurposing effort of rapamycin can 
provide evidence of a novel treatment alternative for 

Alzheimer’s disease and form the basis for larger con-
trolled phase IIb or III trials. This study will also inves-
tigate the potential general geroprotective effects of 
rapamycin on various age-related pathologies in the 
human body.
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