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Due to the complex pathological mechanisms of Alzheimer's disease (AD), its treatment remains a challenge. One of the major difficulties in treating AD is the difficulty for drugs to cross the blood–brain barrier (BBB). Low-intensity ultrasound (LIUS) is a novel type of ultrasound with neuromodulation function. It has been widely reported that LIUS combined with intravenous injection of microbubbles (MB) can effectively, safely, and reversibly open the BBB to achieve non-invasive targeted drug delivery. However, many studies have reported that LIUS combined with MB-mediated BBB opening (LIUS + MB-BBBO) can improve pathological deposition and cognitive impairment in AD patients and mice without delivering additional drugs. This article reviews the relevant research studies on LIUS + MB-BBBO in the treatment of AD, analyzes its potential mechanisms, and summarizes relevant ultrasound parameters.
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1. Introduction

Treating neurological and psychiatric disorders remains a challenge due to their complex pathogenesis, resulting in significant economic burdens on both patients and society. Taking Alzheimer's disease (AD) as an example, it is the most prevalent neurodegenerative disease, and its pathogenesis has not been fully elucidated (1). In pathology, AD is characterized by the accumulation of intracellular hyperphosphorylated tau protein and the deposition of extracellular β-amyloid (Aβ) plaques (2). One of the major challenges in treating AD is the difficulty of drugs crossing the blood–brain barrier (BBB), which results in low-drug bioavailability (3). Hence, various methods have been developed to bypass the BBB to directly access the brain, such as intraventricular injection. However, these approaches often come with numerous adverse effects (4, 5).

Over the past 2 decades, researchers have found that low-intensity ultrasound (LIUS) combined with intravascular microbubbles (MB) injection can safely and temporarily open the BBB (6), enhancing the efficacy of therapeutic antibodies (7–10). Interestingly, a growing number of studies have shown that LIUS combined with microbubble-mediated BBB opening (LIUS + MB-BBBO) without drug delivery can improve pathology and cognitive impairment in AD patients and mice (11–14). This is undoubtedly a remarkable discovery.

In this article, we review relevant preclinical and clinical studies on LIUS + MB-BBBO in improving AD. We have discussed the possible mechanisms underlying this effect and summarized the relevant parameters.



2. The impact of the BBB on AD

The BBB is a specialized structure located between blood vessels and the brain tissue. It is mainly composed of vascular endothelial cells and surrounding glial cells and plays a vital role in protecting and regulating the internal environment of the brain (15). The BBB, serving as a dynamic interface between the neural tissue and blood circulation, forms the anatomical foundation of the functional brain vascular unit (16) (17). Extensive research indicates a close association between BBB dysfunction and AD. Many scholars consider this dysfunction to be an early hallmark of AD (3). The BBB dysfunction leads to the accumulation of harmful substances in the brain and impaired clearance, subsequently triggering immune responses and inflammation, which accelerate neurodegeneration. For instance, a significant portion of Aβ plaques is primarily cleared from the brain through various transport proteins located at the BBB. Due to the BBB dysfunction, the expression of these proteins such as low-density lipoprotein receptor (Aβ clearance receptor) (18), APOE isoform-related receptors (19), and P-glycoprotein (20) is reduced, leading to accelerated accumulation of Aβ plaques in the brain (21). Furthermore, the correlation between BBB dysfunction and tau pathology has been extensively reported (22). Hence, considering the BBB as one of the strategies for treating AD may hold a potential value.



3. LIUS combined with microbubbles can effectively open the BBB

In general, LIUS refers to ultrasound waves with an intensity level similar to or lower than those commonly used in diagnostic examinations in the United States (23), and many articles describe it as low-intensity pulsed ultrasound (LIPUS) (24, 25). LIUS primarily consists of periodic mechanical sound waves that propagate through cells and tissues, generating vibrations and collisions, resulting in beneficial biological effects and minimal thermal impact (26). LIUS demonstrates positive effects in neuromodulation, including enhancing neuronal activity (27), inhibiting neural inflammation (28), and stimulating the potential for neural differentiation in stem cells (29).

Over the past decade, with the development of ultrasound transducers, the introduction of low-intensity focused ultrasound (LIFU) has improved traditional pulse ultrasound treatment methods. Common LIFU ultrasound modes include MRI-guided focused ultrasound surgery (MRgFUS) (11) and scanning ultrasound (SUS) (10, 30). Unlike high-intensity focused ultrasound, LIFU has the capability to precisely converge energy with varying intensities and frequencies onto specific focal points in the brain, allowing for non-invasive treatment of central nervous system disorders. Combined with the intravascular MB injection, LIFU can effectively, safely, and reversibly open the BBB (31, 32).

In ultrasound therapy, the acoustic parameters (sound pressure, frequency, and pulse duration) as well as the size and concentration of MB determine the size of the BBB opening (33, 34). When applying ultrasound stimulation to MB (sized from 1 to 10 micrometers), the expansion and contraction of the bubbles result in mechanical stretching of the blood vessel walls. This mechanical stretching can alter the characteristics of endothelial cells, increasing their phagocytic activity and creating intercellular gaps in the endothelium (35) (Figure 1). Furthermore, ultrasound stimulation can open tight junctions, especially proteins such as occludin and claudin-5 (36). BBB opening is transient, and the integrity can rapidly recover within 6–24 h following the ultrasound treatment (37). In addition to changes in the physical barrier, ultrasound in combination with MB can also influence the function of the BBB. Within 48 h after the ultrasound treatment, there is a decrease in P-glycoprotein expression, but endothelial cell function remains unimpaired. These mechanisms gradually appear in two distinct phases of BBB opening: an early/fast leak and a late/slow leak (38). These findings confirm the impact of ultrasound on the BBB efflux mechanisms (39).
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FIGURE 1
 LIUS combined with microbubbles to open the blood–brain barrier.




4. Biological effects of LIUS + MB-BBBO on AD

Preclinical studies have extensively validated the safety and feasibility of LIUS + MB-BBBO in various species, including small rodents and non-human primates (40). This strategy achieves spatial and temporal targeted non-invasive brain drug delivery (41, 42). Research has reported that LIUS + MB-BBBO has the ability to clear Aβ plaques without the need for additional drug administration (10, 43, 44). Jessica employed LIFU combined with MB-mediated BBB opening (LIFU + MB-BBBO) to deliver low-dose Aβ antibodies to reduce the pathological characteristics of Aβ plaques (45). In 2013, she first discovered the potential effects of ultrasound: under the same parameters and without the supplementation of exogenous antibodies, LIFU + MB-BBBO helps to reduce the area of Aβ plaques. LIFU + MB-BBBO allows endogenous immunoglobulins to enter the brain to help plaque clearance, where IgM levels are positively correlated with BBB opening. Additionally, LIFU treatment activates glial cells located near the plaques within the cortex and enhances the internalization and phagocytosis of Aβ plaques within these cells (9).

Neuroglial cells likely play a role in the process of Aβ plaques clearance, with microglial cells responsible for breaking down larger plaques into smaller components and absorbing them. However, this effect may have its limitations (46). Compared to peripheral immune cells, microglial cells have a weaker phagocytic function (47). Studies have reported that LIFU + MB-BBBO can induce local blood-borne mononuclear cell infiltration (13) (48). Charissa (13) believed that the peripheral immune response triggered by LIFU + MB-BBBO can effectively clear Aβ plaques. LIFU + MB-BBBO induces local recruitment of neutrophils, which can help Aβ plaques clearance by recruiting other downstream immune cells, such as monocytes and macrophages with stronger clearance capabilities than neutrophils (49). In addition, Gerhard (10) believed that SUS combined with MB-mediated BBB opening (SUS + MB-BBBO) can promote blood-borne immune molecules and albumin to enter the brain, and then albumin can assist glial cells and perivascular macrophages to engulf Aβ plaques (50). The above results indicate that endogenous immune upregulation triggered by LIUS + MB-BBBO is a possible mechanism for Aβ plaque clearance.

Tau is a protein associated with microtubules. Phosphorylated tau causes neuronal dysfunction and the formation of neurofibrillary tangles. The accumulation of phosphorylated tau is a key pathological feature of AD (51). SUS + MB-BBBO can reduce the deposition of tau protein in the hippocampus and improve the memory function of K369I tau transgenic mice. Interestingly, the researchers found that this effect was through activation of autophagy in neurons, rather than through glial cell clearance of tau (52). The neuronal autophagy process is impaired in AD (53), so this may be a potential mechanism. The immune upregulation stimulated by LIFU + MB-BBBO is not unsuitable for tau pathology. Maria (54) found that LIFU + MB-BBBO reduced bilateral hippocampal p-tau in the rTg4510 mouse model and was accompanied by an upregulation of immune responses. The researchers observed microglia colocalizing with phosphorylated tau. In addition, Amandine (55) explored the effect of LIPUS on tau transgenic P301S mice. The study found that LIPUS + MB-BBBO does not reduce tau pathology and may even aggravate the accumulation of pathological tau in stimulated brain areas. LIPUS combined with MB-mediated BBB opening (LIPUS + MB-BBBO) strongly reduced microglia density in the brain parenchyma of P301S mice and exhibited anti-inflammatory effects. This suggests that reduced microglial load may impair phagocytosis of tau and other aggregated debris, thereby limiting steady-state tau clearance.

Other studies have shown that MRgFUS combined with MB-mediated BBB opening (MRgFUS + MB-BBBO) can cause cerebrospinal fluid extravasation in AD patients, which is related to lymphatic efflux and enhanced meningeal venous permeability (56, 57). Convection in the cerebrospinal fluid of higher mammals rapidly removes proteins, and particles with larger molecular weights are removed through diffusion (58). This effect may be related to the clearance of Aβ plaques. In summary, LIUS + MB-BBBO can activate autoimmunity, autophagy, and lymphatic efflux to promote the clearance of pathological deposits, which can help improve cognitive function, but further research is needed to elucidate the biological effects of this pathway.



5. Related parameters of LIUS + MB-BBBO

Due to anatomical differences in the brain, skull, and cerebral vasculature between small and large animals, the parameters for LIUS + MB-BBBO have species-specific differences (59). This review summarizes relevant parameters of clinical studies on LIUS + MB-BBBO (Table 1).


TABLE 1 Clinical trials on low-intensity ultrasound combined with microbubbles to open the blood-brain barrier.

[image: Table 1]

In Lipsman et al. (11) used MRgFUS at a frequency of 220 kHz to open the right prefrontal BBB in a clinical study of five AD patients for the first time. The ultrasound coverage consisted of a 3 by 3 grid of spots, each 3 mm in diameter, with the axial size of the target adjusted according to the subject degree of brain atrophy. Ultrasound was applied to each grid for a total of 50 s, and each point was ultrasonically treated with 2 ms on and 28 ms off burst pulses for 300 ms, the repetition interval was 2.7 s (duty cycle 0.74%). After 1 month, the BBB was opened at the original location and adjacent areas according to the same parameters. The tissue volume opened this time was twice that of the previous time. This study demonstrates the clinical safety and technical feasibility of MRgFUS + MB-BBBO. Based on this study, Rezai et al. (12) conducted a multicenter phase II trial in six AD patients, demonstrating that MRgFUS can safely, reversibly, and accurately open the BBB located in deep brain structures (hippocampus and entorhinal cortex) (opening degree: 95%). In this study, the researchers selected five targets of 5 × 5 × 7 mm3, and the opened hippocampal BBB was ~2–3 cm3. However, due to limited sample size, neither study observed changes in patients' cognitive function or reduction in Aβ plaque deposition. Rezai et al. (60) increased the number of subjects (10 AD patients) in subsequent clinical studies and used MRgFUS to open the BBB in multiple brain locations (hippocampus, frontal lobe, and parietal lobe). On follow-up for 6–12 months after ultrasound treatment, the researchers observed that compared with before treatment, amyloid levels in the FUS target area decreased by an average of 5%, and the patients' Centiloid scale decreased by 14%, without serious related adverse events.

In addition, there are some exciting results. D'Haese et al. (7) used MRgFUS + MB-BBBO in a clinical trial of six AD patients. At 7 days of follow-up after treatment, the researchers observed a slight decrease in amyloid levels compared with before treatment, with an average decrease of 5% in patients, but no cognitive assessment was observed. Park et al. (14) conducted a clinical trial of MRgFUS + MB-BBBO, the average volume targeted by FUS was 21.1 ± 2.7 cm3. Five AD patients received two treatments every 3 months. The results showed that MRgFUS + MB-BBBO reduced Aβ deposition (−1.6%) and improved the patients' neuropsychiatric symptoms.

In addition to the above-mentioned extracranial devices, implantable devices have also entered the clinical stage (61, 62). Epelbaum (8) implanted an implantable LIPUS device (1-MHz) into the skulls of 10 patients with mild AD under local anesthesia, and this device had previously been used in a Phase I/IIa study of patients with recurrent glioblastoma (61). The results showed that the implantable LIPUS device combined with MB was effective and safe in opening the BBB, and in all cases, the researchers observed a reduction in amyloid burden after 4 months of follow-up. Due to the small sample size and short follow-up period, no cognitive changes were detected.



6. Outlook and challenges

Overall, there have been several small cohort clinical trials demonstrating the safety and feasibility of LIUS + MB-BBBO in AD patients (Table 1). However, due to the small sample size and short follow-up time of these studies, whether LIUS + MB-BBBO can reduce amyloid burden and improve cognition in AD patients still needs to be confirmed by more large cohort studies. In addition, the complete pathophysiology of AD is still unclear. Even though several preclinical studies have tried to reveal the mechanism of LIUS + MB-BBBO on AD, there are few relevant reports. Therefore, the main goals in future are to improve our understanding of the pathophysiology of AD and further explore the mechanism and maximum energy efficiency of ultrasound-mediated BBB opening in improving AD. Furthermore, the neuromodulation effects of LIUS cannot be ignored, including increasing the activity of neurons (27), promoting the release of neurotrophic factors in the brain (63), and promoting the neural differentiation potential of stem cells (29), non-invasive drug delivery (7–10), etc. It is necessary to consider these effects together to provide new opportunities for improving the treatment of neurodegenerative diseases.



7. Conclusion

LIUS + MB-BBBO may be a potential treatment for AD.



Author contributions

MZ: Conceptualization, Investigation, Writing—original draft, Writing—review and editing. XF: Visualization, Writing—original draft, Writing—review and editing. BM: Investigation, Writing—original draft. ZC: Writing—review and editing. YC: Data curation, Methodology, Writing—review and editing. LL: Methodology, Writing—original draft. SK: Funding acquisition, Writing—review and editing. XZ: Data curation, Methodology, Writing—review and editing. SF: Data curation, Writing—review and editing. ZJ: Data curation, Writing—review and editing. RZ: Funding acquisition, Resources, Writing—review and editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-064B), Tianjin Health Commission Science and Technology Project (ZC20225, KJ20061), and Tianjin Union Medical Center (2019JZPY01).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Bondi MW, Edmonds EC, Salmon DP. Alzheimer's disease: past, present, and future. J Int Neuropsychol. Soc. (2017) 23:818–31. doi: 10.1017/S135561771700100X 

 2. Mantzavinos V, Alexiou A. Biomarkers for Alzheimer's disease diagnosis. Curr Alzheimer Res. (2017) 14:1149–54. doi: 10.2174/1567205014666170203125942 

 3. Sousa JA, Bernardes C, Bernardo-Castro S, Lino M, Albino I, Ferreira L, et al. Reconsidering the role of blood-brain barrier in Alzheimer's disease: from delivery to target. Front Aging Neurosci. (2023) 15:1102809. doi: 10.3389/fnagi.2023.1102809

 4. Rodriguez A, Tatter SB, Debinski W. Neurosurgical techniques for disruption of the blood–brain barrier for glioblastoma treatment. Pharmaceutics. (2015) 7:175–87. doi: 10.3390/pharmaceutics7030175

 5. Keiser MS, Chen YH, Davidson BL. Techniques for intracranial stereotaxic injections of adeno-associated viral vectors in adult mice. Curr Protoc Mouse Biol. (2018) 8:e57. doi: 10.1002/cpmo.57

 6. Wang J, Li Z, Pan M, Fiaz M, Hao Y, Yan Y, et al. Ultrasound-mediated blood-brain barrier opening: an effective drug delivery system for theranostics of brain diseases. Adv Drug Deliv Rev. (2022) 19:114539. doi: 10.1016/j.addr.2022.114539

 7. D'Haese PF, Ranjan M, Song A, Haut MW, Carpenter J, Dieb G, et al. β-Amyloid plaque reduction in the hippocampus after focused ultrasound-induced blood–brain barrier opening in Alzheimer's disease. Front Hum Neurosci. (2020) 14:593672. doi: 10.3389/fnhum.2020.593672 

 8. Epelbaum S, Burgos N, Canney M, Matthews D, Houot M, Santin MD, et al. Pilot study of repeated blood-brain barrier disruption in patients with mild Alzheimer's disease with an implantable ultrasound device. Alzheimer's Res Ther. (2022) 14:40. doi: 10.1186/s13195-022-00981-1

 9. Jordão JF, Thévenot E, Markham-Coultes K, Scarcelli T, Weng YQ, Xhima K, et al. Amyloid-β plaque reduction, endogenous antibody delivery and glial activation by brain-targeted, transcranial focused ultrasound. Exp Neurol. (2013) 248:16–29. doi: 10.1016/j.expneurol.2013.05.008

 10. Leinenga G, Götz J. Scanning ultrasound removes amyloid-β and restores memory in an Alzheimer's disease mouse model. Sci Transl Med. (2015) 7: 278ra33. doi: 10.1126/scitranslmed.aaa2512

 11. Lipsman N, Meng Y, Bethune AJ, Huang Y, Lam B, Masellis M, et al. Blood–brain barrier opening in Alzheimer's disease using MR-guided focused ultrasound. Nat Commun. (2018) 9:2336. doi: 10.1038/s41467-018-04529-6

 12. Rezai AR, Ranjan M, D'Haese PF, Haut MW, Carpenter J, Najib U, et al. Noninvasive hippocampal blood– brain barrier opening in Alzheimer's disease with focused ultrasound. Proc Nat Acad Sci. (2020) 117:9180–2. doi: 10.1073/pnas.2002571117

 13. Poon C, Pellow C, Hynynen K. Neutrophil recruitment and leukocyte response following focused ultrasound and microbubble mediated blood-brain barrier treatments. Theranostics. (2021) 11:1655. doi: 10.7150/thno.52710

 14. Park SH, Baik K, Jeon S, Chang WS, Ye BS, Chang JW. Extensive frontal focused ultrasound mediated blood–brain barrier opening for the treatment of Alzheimer's disease: a proof-of-concept study. Transl Neurodegener. (2021) 10:1–11. doi: 10.1186/s40035-021-00269-8

 15. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure and function of the blood–brain barrier. Neurobiol Dis. (2010) 37:13–25. doi: 10.1016/j.nbd.2009.07.030 

 16. Khatri R, McKinney AM, Swenson B, Janardhan V. Blood–brain barrier, reperfusion injury, and hemorrhagic transformation in acute ischemic stroke. Neurology. (2012) 79:S52–7. doi: 10.1212/WNL.0b013e3182697e70

 17. Dyrna F. The blood-brain barrier. J Neuroimmune Pharmacol. (2013) 8:763–73. doi: 10.1007/s11481-013-9473-5 

 18. Merino-Zamorano C, Fernández-de Retana S, Montañola A, Batlle A, Saint-Pol J, Mysiorek C. Modulation of amyloid-β 1–40 transport by ApoA1 and ApoJ across an in vitro model of the blood-brain barrier. J Alzheimer's Dis. (2016) 53:677–91. doi: 10.3233/JAD-150976

 19. Deane R, Sagare A, Hamm K, Parisi M, Lane S, Finn MB, et al. apoE isoform–specific disruption of amyloid β peptide clearance from mouse brain. J Clin Invest. (2008) 118:4002–13. doi: 10.1172/JCI36663

 20. van Assema DM, Lubberink M, Bauer M, van der Flier WM, Schuit RC, Windhorst AD, et al. Blood–brain barrier P-glycoprotein function in Alzheimer's disease. Brain. (2012) 135:181–9. doi: 10.1093/brain/awr298 

 21. Wang D, Chen F, Han Z, Yin Z, Ge X, Lei P. Relationship between amyloid-β deposition and blood–brain barrier dysfunction in Alzheimer's disease. Front Cell Neurosci. (2021) 15:695479. doi: 10.3389/fncel.2021.695479 

 22. Cai Z, Qiao PF, Wan CQ, Cai M, Zhou NK, Li Q. Role of blood-brain barrier in Alzheimer's disease. J Alzheimer's Dis. (2018) 63:1223–34. doi: 10.3233/JAD-180098 

 23. Zhong YX, Liao JC, Liu X, Tian H, Deng LR, Long L. Low intensity focused ultrasound: a new prospect for the treatment of Parkinson's disease. Ann Med. (2023) 55:2251145. doi: 10.1080/07853890.2023.2251145

 24. Chang H, Wang Q, Liu T, Chen L, Hong J, Liu K. A bibliometric analysis for low-intensity ultrasound study over the past three decades. J Ultras Med. (2023) 42: 2215–32. doi: 10.1002/jum.16245

 25. Jiang X, Savchenko O, Li Y, Qi S, Yang T, Zhang W, et al. A review of low-intensity pulsed ultrasound for therapeutic applications. IEEE Trans Biomed Eng. (2018) 66:2704–18. doi: 10.1109/TBME.2018.2889669

 26. Baker KG, Robertson VJ, Duck FA. A review of therapeutic ultrasound: biophysical effects. Phys Ther. (2001) 81:1351–8. doi: 10.1093/ptj/81.7.1351

 27. Ren C, Li JM, Lin X. LIPUS enhance elongation of neurites in rat cortical neurons through inhibition of GSK-3β. Biomed Environ Sci. (2010) 23:244. doi: 10.1016/S0895-3988(10)60059-1

 28. Chen SF, Su WS, Wu CH, Lan TH, Yang FY. Transcranial ultrasound stimulation improves long-term functional outcomes and protects against brain damage in traumatic brain injury. Mol Neurobiol. (2018) 55:7079–89. doi: 10.1007/s12035-018-0897-z

 29. El-Bialy T, Alhadlaq A, Wong B, Kucharski C. Ultrasound effect on neural differentiation of gingival stem/progenitor cells. Ann Biomed Eng. (2014) 42:1406–12. doi: 10.1007/s10439-014-1013-9

 30. Bok J, Ha J, Ahn BJ, Jang Y. Disease-modifying effects of non-invasive electroceuticals on β-amyloid plaques and tau tangles for Alzheimer's disease. Int J Mol Sci. (2022) 24:679. doi: 10.3390/ijms24010679

 31. Krishna V, Sammartino F, Rezai A. A review of the current therapies, challenges, and future directions of transcranial focused ultrasound technology: advances in diagnosis and treatment. JAMA Neurol. (2018) 75:246–54. doi: 10.1001/jamaneurol.2017.3129

 32. Meng Y, Volpini M, Black S, Lozano AM, Hynynen K, Lipsman N. Focused ultrasound as a novel strategy for Alzheimer disease therapeutics. Ann Neurol. (2017) 81:611–7. doi: 10.1002/ana.24933

 33. Chen H, Konofagou EE. The size of blood–brain barrier opening induced by focused ultrasound is dictated by the acoustic pressure. J. Cereb. Blood Flow Metab. (2014) 34:1197–204. doi: 10.1038/jcbfm.2014.71

 34. Choi JJ, Feshitan JA, Baseri B, Wang S, Tung YS, Borden MA, et al. Microbubble-size dependence of focused ultrasound-induced blood–brain barrier opening in mice in vivo. IEEE Trans Biomed Eng. (2009) 57:145–54. doi: 10.1109/TBME.2009.2034533

 35. Sheikov N, McDannold N, Vykhodtseva N, Jolesz F, Hynynen K. Cellular mechanisms of the blood-brain barrier opening induced by ultrasound in presence of microbubbles. Ultrasound Med Biol. (2004) 30:979–89. doi: 10.1016/j.ultrasmedbio.2004.04.010

 36. Sheikov N, McDannold N, Sharma S, Hynynen K. Effect of focused ultrasound applied with an ultrasound contrast agent on the tight junctional integrity of the brain microvascular endothelium. Ultrasound Med Biol. (2008) 34:1093–104. doi: 10.1016/j.ultrasmedbio.2007.12.015

 37. Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR imaging–guided focal opening of the blood-brain barrier in rabbits. Radiology. (2001) 220:640–6. doi: 10.1148/radiol.2202001804

 38. Raymond SB, Skoch J, Hynynen K, Bacskai BJ. Multiphoton imaging of ultrasound/Optison mediated cerebrovascular effects in vivo. J Cereb Blood Flow Metab. (2007) 27:393–403. doi: 10.1038/sj.jcbfm.9600336

 39. Aryal M, Fischer K, Gentile C, Gitto S, Zhang YZ, McDannold N. Effects on P-glycoprotein expression after blood-brain barrier disruption using focused ultrasound and microbubbles. PLoS ONE. (2017) 12:e0166061. doi: 10.1371/journal.pone.0166061

 40. Meng Y, Pople CB, Lea-Banks H, Abrahao A, Davidson B, Suppiah S, et al. Safety and efficacy of focused ultrasound induced blood-brain barrier opening, an integrative review of animal and human studies. J Contr Release. (2019) 309:25–36. doi: 10.1016/j.jconrel.2019.07.023

 41. Wasielewska JM, Chaves JC, Johnston RL, Milton LA, Hernández D, Chen L. A sporadic Alzheimer's blood-brain barrier model for developing ultrasound-mediated delivery of aducanumab and anti-tau antibodies. Theranostics. (2022) 12: 6826–47. doi: 10.7150/thno.72685

 42. Chen L, Cruz E, Oikari LE, Padmanabhan P, Song J, Götz J. Opportunities and challenges in delivering biologics for Alzheimer's disease by low-intensity ultrasound. Adv Drug Deliv Rev. (2022) 189:114517. doi: 10.1016/j.addr.2022.114517

 43. Burgess A, Dubey S, Yeung S, Hough O, Eterman N, Aubert I, et al. Alzheimer disease in a mouse model: MR imaging–guided focused ultrasound targeted to the hippocampus opens the blood-brain barrier and improves pathologic abnormalities and behavior. Radiology. (2014) 273:736–45. doi: 10.1148/radiol.14140245

 44. Poon CT, Shah K, Lin C, Tse R, Kim KK, Mooney S, et al. Time course of focused ultrasound effects on β-amyloid plaque pathology in the TgCRND8 mouse model of Alzheimer's disease. Sci Rep. (2018) 8:14061. doi: 10.1038/s41598-018-32250-3

 45. Jordão JF, Ayala-Grosso CA, Markham K, Huang Y, Chopra R, McLaurin J, et al. Antibodies targeted to the brain with image-guided focused ultrasound reduces amyloid-β plaque load in the TgCRND8 mouse model of Alzheimer's disease. PLoS ONE. (2010) 5:e10549. doi: 10.1371/journal.pone.0010549

 46. Leinenga G, Götz J. Safety and efficacy of scanning ultrasound treatment of aged APP23 mice. Front Neurosci. (2018) 12:55. doi: 10.3389/fnins.2018.00055

 47. Gate D, Rezai-Zadeh K, Jodry D, Rentsendorj A, Town T. Macrophages in Alzheimer's disease: the blood-borne identity. J Neural Transm. (2010) 117:961–70. doi: 10.1007/s00702-010-0422-7

 48. Liu HL, Wai YY, Hsu PH, Lyu LA, Wu JS, Shen CR, et al. In vivo assessment of macrophage CNS infiltration during disruption of the blood–brain barrier with focused ultrasound: a magnetic resonance imaging study. J. Cereb. Blood Flow Metab. (2010) 30:177–86. doi: 10.1038/jcbfm.2009.179 

 49. Hawkes CA, McLaurin J. Selective targeting of perivascular macrophages for clearance of β-amyloid in cerebral amyloid angiopathy. Proc Nat Acad Sci. (2009) 106:1261–6. doi: 10.1073/pnas.0805453106

 50. Wang A, Das P, Switzer RC, Golde TE, Jankowsky JL. Robust amyloid clearance in a mouse model of Alzheimer's disease provides novel insights into the mechanism of amyloid-β immunotherapy. J Neurosci. (2011) 31:4124–36. doi: 10.1523/JNEUROSCI.5077-10.2011

 51. Drummond E, Pires G, MacMurray C, Askenazi M, Nayak S, Bourdon M, et al. Phosphorylated tau interactome in the human Alzheimer's disease brain. Brain. (2020) 143:2803–17. doi: 10.1093/brain/awaa223

 52. Pandit R, Leinenga G, Götz J. Repeated ultrasound treatment of tau transgenic mice clears neuronal tau by autophagy and improves behavioral functions. Theranostics. (2019) 9:375467. doi: 10.7150/thno.34388

 53. Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A, et al. Extensive involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study. J Neuropathol Exp Neurol. (2005) 64:113–22. doi: 10.1093/jnen/64.2.113

 54. Karakatsani ME, Kugelman T, Ji R, Murillo M, Wang S, Niimi Y, et al. Unilateral focused ultrasound-induced blood-brain barrier opening reduces phosphorylated tau from the rTg4510 mouse model. Theranostics. (2019) 9:5396. doi: 10.7150/thno.28717

 55. Géraudie A, Riche M, Lestra T, Trotier A, Dupuis L, Mathon B, et al. Effects of low-intensity pulsed ultrasound-induced blood–brain barrier opening in P301S mice modeling Alzheimer's disease tauopathies. Int J Mol Sci. (2023) 24:12411. doi: 10.3390/ijms241512411

 56. Mehta RI, Carpenter JS, Mehta RI, Haut MW, Wang P, Ranjan M, et al. Ultrasound-mediated blood–brain barrier opening uncovers an intracerebral perivenous fluid network in persons with Alzheimer's disease. Fluids Barriers CNS. (2023) 20:1–16. doi: 10.1186/s12987-023-00447-y

 57. Mehta RI, Carpenter JS, Mehta RI, Haut MW, Ranjan M, Najib U, et al. Blood-brain barrier opening with MRI-guided focused ultrasound elicits meningeal venous permeability in humans with early Alzheimer disease. Radiology. (2021) 298:654–62. doi: 10.1148/radiol.2021200643

 58. Lun MP, Monuki ES, Lehtinen MK. Development and functions of the choroid plexus–cerebrospinal fluid system. Nat Rev Neurosci. (2015) 16:445–57. doi: 10.1038/nrn3921 

 59. Pouliopoulos AN, Kwon N, Jensen G, Meaney A, Niimi Y, Burgess MT, et al. Safety evaluation of a clinical focused ultrasound system for neuronavigation guided blood-brain barrier opening in non-human primates. Sci Rep. (2021) 11:15043. doi: 10.1038/s41598-021-94188-3

 60. Rezai AR, Ranjan M, Haut MW, Carpenter J, D'Haese PF, Mehta RI, et al. Focused ultrasound–mediated blood-brain barrier opening in Alzheimer's disease: long-term safety, imaging, and cognitive outcomes. J Neurosurg. (2022) 139:275–83. doi: 10.3171/2022.9.JNS221565

 61. Carpentier A, Canney M, Vignot A, Reina V, Beccaria K, Horodyckid C. Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci Transl Med. 8:343re2. doi: 10.1126/scitranslmed.aaf6086

 62. Idbaih A, Canney M, Belin L, Desseaux C, Vignot A, Bouchoux G, et al. Safety and feasibility of repeated and transient blood–brain barrier disruption by pulsed ultrasound in patients with recurrent glioblastoma. Clin Cancer Res. (2019) 25:3793–801. doi: 10.1158/1078-0432.CCR-18-3643

 63. Rezayat E, Toostani IG. A review on brain stimulation using low intensity focused ultrasound. Basic Clin Neurosci. (2016) 7:187. doi: 10.15412/J.BCN.03070303



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of low-intensity ultrasound opening the blood-brain barrier on Alzheimer's disease—a mini review



		1. Introduction



		2. The impact of the BBB on AD



		3. LIUS combined with microbubbles can effectively open the BBB



		4. Biological effects of LIUS + MB-BBBO on AD



		5. Related parameters of LIUS + MB-BBBO



		6. Outlook and challenges



		7. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Effects of low-intensity ultrasound
opening the blood-brain barrier
on Alzheimer’s disease—a mini

review





OPS/images/fneur-14-1274642-g001.gif
Low intensity ulissound

ARRRAR

o A A, A

i S0 oa%60 0 953860

Bloo Bsin e cpn





OPS/images/fneur-14-1274642-t001.jpg
Researcher/year

Ultrasound type

Treatment area

Parameter

Research object

Sample
size

Treatment cycle

Adverse
event

Last follow-up time

Lipsman etal. (11) MRgFUS Right frontal lobe 220kHz Early AD patients 5 2 stages, 1 month apart | None 2 months after treatment
Rezaietal. (12) MRgFUS Hippocampus and entorhinal cortex 220kHz Early AD patients 6 3 stages, 2 weeks apart None 1 month after treatment
Epelbaum et al. (8) LIPUS implantable device | Left pariotemporal junction 1 MHz Early AD patients 10 7 stages, 2 weeks apart None 8 months after treatment
Park etal. (14) MRgFUS Bilateral frontal lobe 220kHz AD patients 5 2 stages, 3months apart | None 3 months after treatment
D'Haese etal. (7) MRgFUS Hippocampus and entorhinal cortex 220kHz Early AD patients 6 3stages, 2 weeks apart | None 90 days after treatment
Mehta et al. (56) MRgFUS Frontal, parietal and medial temporal lobes | 220kHz Early AD patients. 8 3 stages, 2 weeks apart None 36 weeks after treatment
Rezai et al. (60) MRgFUS Hippocampus, frontal and parietal lobes 220kHz Early AD patients 10 3 stages, 2 weeks apart None 6-12 months after treatment

MRgEUS, MRI-guided Focused Ultrasound Surgery; AD, Alzheimer's disease; LIPUS, low intensity pulsed ultrasound.
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