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Abstract 

Background Cerebral amyloid angiopathy (CAA) is a disease caused by the accumulation of the amyloid-beta pro-
tein and is a major cause of intracerebral hemorrhage (ICH) and vascular dementia in the elderly. The presence of the 
amyloid-beta protein in the vessel wall may induce a chronic state of cerebral inflammation by activating astrocytes, 
microglia, and pro-inflammatory substances. Minocycline, an antibiotic of the tetracycline family, is known to modu-
late inflammation, gelatinase activity, and angiogenesis. These processes are suggested to be key mechanisms in CAA 
pathology. Our aim is to show the target engagement of minocycline and investigate in a double-blind placebo-con-
trolled randomized clinical trial whether treatment with minocycline for 3 months can decrease markers of neuroin-
flammation and of the gelatinase pathway in cerebrospinal fluid (CSF) in CAA patients.

Methods The BATMAN study population consists of 60 persons: 30 persons with hereditary Dutch type CAA (D-CAA) 
and 30 persons with sporadic CAA. They will be randomized for either placebo or minocycline (15 sporadic CAA/15 
D-CAA minocycline, 15 sporadic CAA/15 D-CAA placebo). At t = 0 and t = 3 months, we will collect CSF and blood 
samples, perform a 7-T MRI, and collect demographic characteristics.

Discussion The results of this proof-of-principle study will be used to assess the potential of target engagement of 
minocycline for CAA. Therefore, our primary outcome measures are markers of neuroinflammation (IL-6, MCP-1, and 
IBA-1) and of the gelatinase pathway (MMP2/9 and VEGF) in CSF. Secondly, we will look at the progression of hemor-
rhagic markers on 7-T MRI before and after treatment and investigate serum biomarkers.

Trial registration ClinicalTrials.gov NCT05680389. Registered on January 11, 2023
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Background
Cerebral amyloid angiopathy (CAA) is a disease caused 
by the accumulation of the protein amyloid-beta in the 
leptomeningeal arteries, cortical arterioles, and capillar-
ies of the brain. It is one of the major causes of intrac-
erebral hemorrhage (ICH) and vascular dementia in the 
elderly. Approximately 60% of all lobar ICHs are CAA 
related [1].

Most CAA cases are sporadic, but a few familial forms 
exist. Several families suffer from hereditary Dutch-type 
cerebral amyloid angiopathy (D-CAA), an autosomal 
dominant familial form of CAA. D-CAA is caused by a 
genetic mutation in the amyloid-beta precursor-pro-
tein-gene (APP) on chromosome 21 [2]. D-CAA, like 
sporadic-CAA, is characterized by recurrent ICH, cogni-
tive decline, and dementia, although its disease course is 
more aggressive [3].

Currently, there is no treatment for D-CAA or sporadic 
CAA. So far, only one phase 2 trial with a monoclonal 
antibody against amyloid-beta has been performed in 
sporadic CAA, but treatment worsened cerebrovascular 
reactivity on MRI [4]. Other amyloid-targeting therapies 
(RNA interference therapies, amyloid antibodies, and 
antisense-oligonucleotide treatment) hold promise but 
are still in the preclinical phase.

The presence of amyloid-beta in the vessel wall induces 
a chronic state of cerebral inflammation by reactive 
astrocytes, microglia, and pro-inflammatory substances 
[5, 6]. Previous neuropathological studies in patients 
with D-CAA have shown that cerebral inflammation is 
abundant in brain tissue. In addition, gelatinase activity 
was increased (metalloproteinase [MMP]-2 and MMP-9) 
leading to extracellular matrix remodeling and reduced 
blood-brain-barrier integrity [7, 8]. MMP-2 and MMP-9 
activities are related to microbleed development in CAA 
mouse models [9, 10]. Furthermore, D-CAA patients 
show upregulated VEGF expression and angiogenesis 
pathways [8]. Moreover, in both sporadic and hereditary 
CAA, subacute neurological symptoms such as confu-
sion and seizures may occur with signs of CAA-related 
inflammation on MRI (CAA-ri) [11].

Minocycline is an antibiotic of the tetracycline family 
and is known to modulate inflammation, gelatinase activ-
ity, and angiogenesis. These processes are suggested to 
be key mechanisms in CAA pathology. Minocycline is an 
EMA-approved antibiotic and is freely available as it is no 
longer protected by a patent. It is unique in its low costs, 
limited side effects, and easy availability. Pre-clinical 
studies with minocycline in different CAA animal mod-
els showed promising results [12–15]. Although minocy-
cline did not reduce the amount of vascular amyloid-beta 
deposition, the drug prevented ICH occurrence and 
improved behavioral outcomes in mice. Biochemical and 

imaging analyses showed that minocycline significantly 
reduced gliosis and expression of inflammatory genes 
and gelatinases (e.g., IL-6, IBA-1, MMPs). These studies 
did not include an analysis of VEGF or angiogenic activ-
ity, but VEGF is one of the most well-known targets of 
minocycline [16]. Based on the hypothesis that minocy-
cline reduces inflammatory responses, we will perform a 
randomized clinical phase 2a trial with minocycline as a 
treatment for CAA.

Methods
Study design
This is an exploratory study. Our study design is a ran-
domized double-blind placebo-controlled trial with 
minocycline treatment versus placebo for 3 months in 
60 participants (30 with D-CAA and 30 with sporadic 
CAA). At baseline (t = 0), a standardized neuropsycho-
logical assessment will be performed (Fig. 1). At t = 1 and 
t = 3 months, we will perform the following study pro-
cedures: CSF sample collection, collection of demograph-
ics, neurological examination, blood sample collection, 
and 7-T MRI (Fig.  1). In-between study visits, a short 
questionnaire on side effects and compliance will be sent 
to enhance participant retention.

Characteristics of the participants
The inclusion criteria for the participants with D-CAA 
are the age of 18 years and older and genetically proven 
D-CAA. For participants with sporadic CAA, we used 
the modified Boston criteria [17]. Furthermore, all par-
ticipants should have no more than two ICHs (with the 
occurrence of the last ICH at least 1 year ago, to ensure 
that inflammation in the acute stage of ICH is stabi-
lized). Also, all participants should have at least two lobar 
microbleeds or cortical superficial siderosis on MRI. 
With these criteria, we hope to include participants with 
moderate CAA pathology but not yet severe.

The exclusion criteria are a previous allergic reaction to 
minocycline, a modified Rankin Scale score of at least 3, 
contraindications for 7-T MRI (e.g., claustrophobia, pace-
makers, and ferromagnetic implants), contraindications 
for lumbar puncture (e.g., compression of the spinal cord, 
a coagulopathy or thrombocytopenia < 100), pregnancy 
or breastfeeding, liver or renal failure, use of antibiotics 
1 month prior of participation, systemic lupus erythema-
tosus or other diseases known to generate inflammatory 
responses, and use of drugs that are contraindicated in 
combination with minocycline (e.g., carbamazepine).

Randomization and treatment dose
There will be a block randomization by computer for 
both forms of CAA to ensure 15 participants in each 
group (D-CAA 15 minocycline and 15 placebo, sporadic 
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CAA 15 minocycline and 15 placebo). Minocycline will 
be administered orally twice a day 100 mg (total daily 
dose = 200mg) for 3 months.

Treatment allocation and blinding
The pharmacy of the LUMC will perform block randomi-
zation by computer, generate the allocation sequence, 
and blindly repackage the products. Everyone except 
the pharmacy will be blinded (trial participants, care 

providers, outcome assessors, and data analysts). After 
the termination of the study and analysis of the data, data 
analysts and trial participants will be unblinded.

Primary endpoint
Our primary outcome measures are CSF biomarkers of 
inflammation, vessel integrity, and the gelatinase path-
way with emphasis on IL-6, MCP-1, IBA-1, MMP2/9, 
and VEGF. CSF is collected at t = 0 and t = 3 months.

Fig. 1 Schedule of enrollment, interventions, and assessments
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Secondary endpoints
The secondary endpoints include the safety and toler-
ability of minocycline and hemorrhagic markers on 7-T 
MRI and serum biomarkers. These data are collected at 
t = 0 and t = 3 months. Furthermore, we will use the 
collected data to obtain information on the stability 
and natural variation of different CSF biomarkers and 
blood biomarkers in patients with CAA over time.

Sample size calculations
This is an exploratory study, and a formal power cal-
culation is difficult as the levels of inflammatory CSF 
biomarkers in D-CAA or sporadic CAA are not well 
known. In our D-CAA-cohorts, previous CSF analy-
ses of amyloid-beta 40 and 42 and a biomarker panel 
including, e.g., VEGF, showed that patients could be 
distinguished from controls with group sizes as small 
as 15 [18]. In stroke patients, there was a high correla-
tion between serum levels of IL-6 and MMP-9 and the 
occurrence of microbleeds [19, 20]. Previous animal 
studies using minocycline showed a 30–70% reduc-
tion in relevant biomarkers such as MMP-9 and gliosis 
on a tissue level [13, 15]. In our data, VEGF levels in 
CSF showed a twofold increase in patients compared 
with controls (6.5 ± 2.8 vs 3.2 ± 2.2 pg/ml). Assuming a 
similar effect size of 50% change after treatment (power 
of 0.8, alpha = 0.05), the calculated group size would 
be 14. As the effect may be less robust compared to the 
animal model, we chose a group size of 30 participants, 
which would yield sufficient power to detect a 30% 
change, based on the preliminary data. Individual sub-
jects will be replaced after withdrawal. Outcome data 
for all included participants will be collected.

Statistical analysis
We will perform descriptive statistics for the prevalence 
of different biomarkers in CSF (and MR imaging) and 
their evolution over time with disease progression.

Because minocycline targets multiple pathways 
(including inflammatory, vessel integrity, and gelatinase 
pathways) that play a role in CAA, we chose multiple CSF 
biomarkers to cover all three pathways. We will compare 
the level of inflammatory biomarkers between the treated 
and not treated groups with regression analyses, adjusted 
for age and sex. In the exploratory subgroup analyses, we 
will stratify for D-CAA and sporadic CAA and will use 
repeated measurements analyses, as well as use a sin-
gle primary composite measure [21, 22]. Since this is an 
exploratory study, we will not correct for multiple testing 
for the 5 (IL-6, MCP-1, IBA-1, MMP2/9, and VEGF) co-
primary endpoints.

Ethical considerations
There is no anticipated harm and compensation for trial 
participation.

Discussion
The BATMAN study investigates the effect of minocycline 
on CSF markers of neuroinflammation and the gelatinase 
pathway in patients with CAA. To the best of our knowl-
edge, this is the first repurpose drug study in CAA.

Our choice for a dosage of 200 mg/day was based on 
a recent RCT of minocycline in Alzheimer’s disease, in 
which different dosages were used (200 mg/day and 400 
mg/day) for 24 months [23]. This study reported that 400 
mg was tolerated quite poorly, while 200 mg was well 
tolerated. The dose of 200 mg is also used in a recently 
started phase 2 trial on the effect of minocycline on 
inflammation and blood barrier leakage in patients with 
lacunar stroke and white matter hyperintensities [24]. 
The employed dosage has been shown to produce con-
sistent anti-inflammatory effects in rheumatoid arthri-
tis and other inflammatory disorders and is also used in 
recent trials for neuropsychiatric diseases [25].

Our choice for a duration of 3 months was based on the 
fact that in chronic skin infections (e.g., acne vulgaris), 
minocycline is used for a maximum of 6 months. However, 
the anti-inflammatory and vasoprotective actions of mino-
cycline are expected to occur within 3 weeks [16]. Therefore, 
we expect that the 3-month duration provides sufficient 
time to detect a biomarker effect, while minimizing drop-
out. Intermediate side effects will be monitored, and in case 
side effects occur, phasing out will be considered.

The duration of 3 months may be too short to detect an 
effect on microvascular damage on MRI, and this analy-
sis is considered to be exploratory. However, ultra-high-
field 7-T MRI leads to better visibility of small structures 
and increased signal-to-noise ratio [26]. Previous studies 
shown that 7 T is more sensitive for detecting micro-
bleeds than 3 T [27–29].

When our study shows a decrease in CSF biomarkers 
in the minocycline group, a larger trial would be needed 
to assess the clinical efficacy. If a larger trial shows treat-
ment with minocycline improves clinical outcomes in 
patients with CAA, by slowing down the progression of 
the disease or improving recovery after ICH, it would 
represent a unique therapeutic option for CAA.

Trial status
The first participant was included on 2 December 2020. 
At the time of submission of this article, 43 participants 
have been enrolled in the trial. During the COVID-19 
pandemic, the study was put on hold temporarily. Recruit-
ment is estimated to be completed in December 2023.
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