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OBJECTIVE MRI-guided low-intensity focused ultrasound (FUS) has been shown to reversibly open the blood-brain 
barrier (BBB), with the potential to deliver therapeutic agents noninvasively to target brain regions in patients with Alz-
heimer’s disease (AD) and other neurodegenerative conditions. Previously, the authors reported the short-term safety 
and feasibility of FUS BBB opening of the hippocampus and entorhinal cortex (EC) in patients with AD. Given the need 
to treat larger brain regions beyond the hippocampus and EC, brain volumes and locations treated with FUS have now 
expanded. To evaluate any potential adverse consequences of BBB opening on disease progression, the authors report 
safety, imaging, and clinical outcomes among participants with mild AD at 6–12 months after FUS treatment targeted to 
the hippocampus, frontal lobe, and parietal lobe.
METHODS In this open-label trial, participants with mild AD underwent MRI-guided FUS sonication to open the BBB 
in β-amyloid positive regions of the hippocampus, EC, frontal lobe, and parietal lobe. Participants underwent 3 separate 
FUS treatment sessions performed 2 weeks apart. Outcome assessments included safety, imaging, neurological, cogni-
tive, and florbetaben β-amyloid PET.
RESULTS Ten participants (range 55–76 years old) completed 30 separate FUS treatments at 2 participating institu-
tions, with 6–12 months of follow-up. All participants had immediate BBB opening after FUS and BBB closure within 
24–48 hours. All FUS treatments were well tolerated, with no serious adverse events related to the procedure. All 10 
participants had a minimum of 6 months of follow-up, and 7 participants had a follow-up out to 1 year. Changes in the 
Alzheimer’s Disease Assessment Scale–cognitive and Mini-Mental State Examination scores were comparable to those 
in controls from the Alzheimer’s Disease Neuroimaging Initiative. PET scans demonstrated an average β-amyloid plaque 
of 14% in the Centiloid scale in the FUS-treated regions.
CONCLUSIONS This study is the largest cohort of participants with mild AD who received FUS treatment, and has the 
longest follow-up to date. Safety was demonstrated in conjunction with reversible and repeated BBB opening in multiple 
cortical and deep brain locations, with a concomitant reduction of β-amyloid. There was no apparent cognitive worsen-
ing beyond expectations up to 1 year after FUS treatment, suggesting that the BBB opening treatment in multiple brain 
regions did not adversely influence AD progression. Further studies are needed to determine the clinical significance 
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Alzheimer’s disease (AD) is the most common form 
of dementia marked by progressive memory and 
cognitive decline. The incidence of AD is increas-

ing worldwide, with enormous healthcare costs and human 
suffering.1,2 AD treatments have modest effects despite 
decades of research and extensive clinical trials involv-
ing medications, immunotherapy, gene therapy, and other 
disease-modifying or biological therapeutic agents.3–7

A significant challenge to developing effective therapies 
for neurodegenerative disorders such as AD is limited ac-
cess to target brain regions due to the blood-brain barrier 
(BBB). More than 99% of all AD therapies do not imple-
ment strategies to increase the transfer of the therapeutic 
agents across the BBB.8 To overcome the restrictions posed 
by the BBB, transarterial diuretic infusion and stereotactic 
neurosurgical procedures are used for direct intracranial 
infusion.9,10 Not only do these procedures involve consider-
able risk, but also neither direct infusion from a catheter tip 
nor targeting through a vascular distribution allows con-
formal delivery of agents to precise, anatomically defined 
complex brain regions. Recently, MR-guided low-intensity 
focused ultrasound (FUS) technology has emerged as a 
safe and noninvasive technology to reversibly open the 
BBB with precise and focal targeting.11–14 Low-intensity 
FUS does not result in an increase in temperature or brain 
lesions. When combined with intravenous microbubble in-
fusion, low-intensity FUS creates acoustic cavitation pre-
cisely at the target tissue and not beyond, resulting in a 
conformal, transient, and reversible disruption of the capil-
lary wall tight junctions, thereby increasing BBB perme-
ability—i.e., BBB opening.15,16 Experimental studies have 
shown a safe, noninvasive, and focal delivery of genetic 
vectors and cells after BBB opening.11,17–19 In humans, BBB 
opening is used to deliver chemotherapy to brain regions 
believed to harbor malignant cells.20

Preclinical studies in animal models of AD have demon-
strated that administration of low-intensity FUS results in 
safe, focal, and reversible BBB opening,11–13 with reduction 
of β-amyloid plaque, increased neurogenesis, and memory 
improvement. Given the potential of FUS-mediated BBB 
opening to reduce β-amyloid plaques and the possibility 
of facilitating noninvasive, conformal delivery of biologi-
cal agents and other disease-modifying therapeutics, we 
previously performed an initial safety and feasibility study 
of FUS BBB opening limited to the hippocampus and en-
torhinal cortex (EC) in patients with mild AD.21,22 Given 
that pathology in most patients with AD extends beyond 
these 2 brain regions and that there is equipoise regard-
ing both safety and feasibility of widespread BBB open-
ing in human neurodegenerative diseases, we expanded 
this study to include multiple cortical and subcortical areas 
of the frontal and parietal lobes. We now report the feasi-

bility and outcomes in 1 year—including safety, cognitive 
performance, imaging, and β-amyloid PET scans—among 
participants with mild AD treated with FUS BBB opening.

Methods
This study was an open-label, prospective clinical trial 

conducted in participants with mild AD undergoing focal 
FUS-mediated BBB opening. This study was registered 
with the ClinicalTrials.gov database (http://clinicaltrials.
gov), and its registration no. is NCT03671889. The trial 
was conducted at two institutions (West Virginia Univer-
sity Rockefeller Neuroscience Institute and Weill Cornell 
Medical College) with FDA investigational device exemp-
tion and institutional review board approvals. The proto-
col we followed adheres to the US Code of Federal Regu-
lations and the World Medical Association Declaration of 
Helsinki principles.

The primary objective was to evaluate the safety and 
feasibility of repeated FUS-mediated BBB opening in 
participants with mild AD. We assessed the procedure’s 
safety through analysis of BBB opening and closure, ad-
verse events (AEs) including abnormalities on MRI, and 
clinical and cognitive outcomes. The secondary objectives 
of this study were to quantify the extent of BBB opening 
and β-amyloid plaque burden measured with 18F-florbeta-
ben PET imaging.

Participant Population and Enrollment Criteria
Persons eligible to participate in this study were 50–85 

years of age, with a diagnosis of probable AD according 
to the National Institute of Aging–Alzheimer’s Associa-
tion criteria,23 with the presence of β-amyloid plaques on 
18F-florbetaben PET scan and no evidence of other CNS 
disease. Additionally, a baseline Mini-Mental State Ex-
amination (MMSE) score of 18–26 was required, as was 
≥ 3 months on a stable dose of medication (e.g., donepezil, 
memantine). Participants were excluded from enrollment 
if they could not undergo MRI, if they had significant 
medical comorbidities (e.g., cardiac and vascular con-
ditions), or if they had the presence of apolipoprotein E 
(ApoE) ε4 allele homozygosity, due to the potential for an 
increased rate of vascular complications. Complete inclu-
sion/exclusion criteria are available in the Supplemental 
Material. Informed consent was obtained from all partici-
pants. Figure 1 shows the enrollment process for partici-
pants in this protocol.

Treatment and Follow-Up Measures
Figure 2 indicates the overall treatment and follow-up 

schedule for all safety and outcome measures reported in 

of these findings. FUS offers a unique opportunity to decrease amyloid plaque burden as well as the potential to deliver 
targeted therapeutics to multiple brain regions in patients with neurodegenerative disorders.
Clinical trial registration no.: NCT03671889 (ClinicalTrials.gov)
https://thejns.org/doi/abs/10.3171/2022.9.JNS221565
KEYWORDS Alzheimer’s disease; focused ultrasound; FUS; blood-brain barrier opening; BBB; β-amyloid plaque; 
surgical technique
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this study. Eligible participants who had given informed 
consent underwent baseline history, physical examina-
tion, and imaging followed by 3 separate FUS treatment 
sessions, each 2 weeks apart. Outcome evaluations were 
conducted on days 7, 8, 180, and 365 after the last FUS 
treatment.

FUS Treatment Protocol
The FUS treatment protocol has been published pre-

viously by our group.21,22,24 MR-guided FUS technology 
involves a transducer helmet array comprising more than 
1000 ultrasound transducers precisely converging on a 
defined focal point in the brain.13,14 Briefly, participants 

FIG. 1. Clinical trial flow diagram showing the enrollment process for participants in this protocol. *One patient was found to have 
an intracardiac shunt as well as an ineligible PET scan and is reported in both categories. **One patient was found to have a high 
Hachinski score as well as homozygous ApoE ε4 and is reported in both categories. #One patient died of pancreatic adenocarci-
noma 44 weeks after study enrollment (36 weeks after completion of FUS treatment). aPTT = activated partial thromboplastin time. 
Figure is available in color online only.

FIG. 2. Clinical trial timeline and evaluations showing the overall treatment and follow-up schedule for all safety and outcome 
measures reported in this study. AEs are evaluated continuously. *Time period after third treatment. Med Hx = medical history; Rx 
= prescription; Tx = treatment. Figure is available in color online only.
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underwent MR-guided, low-intensity FUS treatment at 
220 kHz (ExAblate Neuro Type 2; INSIGHTEC) with 
concomitant intravenous administration of microbubbles 
(Perflutren; Lantheus Medical Imaging). Initial FDA ap-
proval for the study was limited to the hippocampus and 
EC in the first 6 participants, and was expanded for in-
creased volume and additional targeting of frontal and pa-
rietal lobes in the subsequently enrolled participants.

Imaging and BBB Opening Assessment
Brain MRI was performed on a 3T GE (Architect 3T) 

and Siemens (Prisma 3T) scanner at baseline, during 
sonication/treatment (as part of the FUS treatment ses-
sion), immediately following each sonication/treatment, 
and at designated times following treatment. Standard 
MRI sequences included T2* gradient recalled echo im-
aging, T2 FLAIR, 3D T1 spoiled gradient recalled acqui-
sition, MPRAGE, and T1 with Gd contrast (0.1 mmol/
kg intravenous gadobutrol). Brain MRI with and without 
contrast was performed to assess and document both 
BBB opening and closure. BBB opening was evaluated 
by the presence of contrast enhancement within the tar-
geted brain parenchyma on immediate post-FUS MRI 
following completion of the entire sonication session on 
each of the 3 treatment sessions.21,24 A second MRI ses-
sion with and without contrast was performed 24 hours 
post-FUS treatment to assess and document BBB closure. 
If needed, based on the results of the 24-hour images, ad-
ditional MRI was performed at 48 hours or later to verify 
BBB closure. PET images were obtained after intrave-
nous injection of 18F-florbetaben25 to identify and quantify 
β-amyloid presence at baseline and 1 week after the third 
FUS treatment.

Imaging Analysis
The MRI studies were reviewed and interpreted by ex-

perienced neuroradiologists and neurosurgeons to detect 
infarction, hemorrhage, edema, and gliosis. In addition, 
these investigators quantified the BBB opening and clo-
sure via evaluation of contrast enhancement volumes by 
manually segmenting the regions presenting parenchymal 
contrast, with subsequent comparisons to the planned tar-
get regions.

To evaluate the impact of FUS on β-amyloid in the 
target areas, PET images were coregistered with MR 
images to allow alignment of β-amyloid to the MR im-
ages used for FUS targeting and to evaluate the impact 
of FUS on β-amyloid in the target areas. Segmentation 
of brain regions permitted quantified assessments of 
contrast enhancement and β-amyloid. Segmentation was 
achieved using an MRI 3D T1-weighted sequence and 
an automated brain segmentation algorithm incorporat-
ing machine learning methods validated in the previous 
studies.21,26 The uptake of β-amyloid markers obtained 
from PET imaging was aligned to the segmented brain 
regions identified on MRI by using a rigid registration 
method.27 To track focal β-amyloid changes associated 
with FUS-mediated BBB opening within the targets, we 
computed the standard uptake values ratio (SUVr)21 and 
the Centiloid scale for quantifying β-amyloid PET28–32 in 

the FUS-treated regions. The Centiloid scale was devel-
oped to standardize quantitative amyloid imaging–based 
reported outcomes in AD. The approach quantifies the 
outcomes of a particular analysis method and amyloid 
tracer according to a 0–100 scale, anchored by young 
controls (≤ 45 years of age) and AD-positive patients. To 
assess the impact of the therapy, we calculated the aver-
age β-amyloid change in the FUS therapy zone. Although 
all participants were required to be β-amyloid positive 
as part of the inclusion criteria in the study, we used the 
commonly accepted SUVr cutoff value of 1.433–35 for amy-
loid positivity for the quantitative calculation in the focal 
targeted regions.

Participant Outcome Measures
Clinical AEs

A complete standard neurological examination was 
performed by a board-certified neurologist at baseline, im-
mediately prior to and after FUS treatments, and on days 
7, 180, and 365 following the third (i.e., last) FUS treat-
ment. Additional assessments were performed as needed 
based on any safety concerns.

Cognitive Outcomes
Cognitive assessments were performed at baseline and 

on days 180 and 365 following the third (i.e., last) FUS 
treatment. Cognitive tests included (MMSE,36 range 0–30) 
and the Alzheimer’s Disease Assessment Scale–cognitive 
(ADAS-Cog,37 range 0–70).

The cognitive performance (MMSE and ADAS-Cog) 
scores of our treatment cohort were compared to age- 
and sex-matched patients from the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) database (adni.loni.usc.
edu). The ADNI was launched in 2003 as a public–pri-
vate partnership led by Principal Investigator Michael W. 
Weiner, MD. The primary goal of the ADNI has been 
to test whether serial MRI, PET, other biological mark-
ers, and clinical and neuropsychological assessment can 
be combined to measure the progression of mild cogni-
tive impairment and early AD. We selected age- and sex-
matched ADNI participants who had been diagnosed with 
AD at baseline and who had been assessed with both the 
MMSE and ADAS-Cog at baseline, at 6-month follow-up, 
and at 12-month follow-up, with no missing data. Given 
the small number of participants, descriptive statistics are 
presented.

Results
Participants

Ten participants with mild AD, aged 55–76 years, mean 
age 66.6 years, were enrolled at West Virginia University 
Rockefeller Neuroscience Institute (8 participants) and 
Weill Cornell Medical College (2 participants) (Table 1).

BBB Opening
All 10 participants completed 3 FUS BBB opening 

procedures for a total of 30 distinct treatment sessions. 
Immediate BBB opening of the FUS target region was 
demonstrated by parenchymal contrast enhancement in 
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all participants and sessions. The BBB opening, which 
was determined by contrast enhancement, was confined 
to the FUS target region and did not occur in other brain 
regions. The MRI-based segmental volumetric analysis 
demonstrated BBB opening involving an average of 82% 

(range 53%–99%) of the FUS-treated brain region as as-
sessed by 3 experts (1 neurosurgeon and 2 neuroradiolo-
gists). All BBB openings were transient, and BBB closure 
occurred within 24–48 hours in all targeted brain regions 
of all participants (Fig. 3).

TABLE 1. Characteristics of 10 participants with AD

Case No. Study Site Age (yrs) Sex MMSE Score ADAS-Cog Score ApoE

1 WVU-RNI 61 F 23 19 ε3/ε3
2 WVU-RNI 73 F 23 12 ε3/ε3
3 WVU-RNI 73 F 23 10 ε3/ε4
4 WCMC 71 F 22 26 ε3/ε4
5 WVU-RNI 68 M 22 19 ε3/ε3
6 WCMC 55 F 26 14 ε3/ε4
7 WVU-RNI 55 F 19 24 ε3/ε3
8 WVU-RNI 63 M 24 17 ε3/ε4
9 WVU-RNI 70 M 22 15 ε3/ε4

10 WVU-RNI 76 F 25 17 ε3/ε4

WCMC = Weill Cornell Medical College; WVU-RNI = West Virginia University Rockefeller Neuroscience Institute.

FIG. 3. MRI evidence of BBB opening and closure in the hippocampus, frontal lobe, and parietal lobe. A: Axial T2-weighted MR 
image shows 3 target sites (green circles) in the left hippocampus. B–D: Baseline (B), immediate post-FUS (C), and 24 hours 
post-FUS (D) contrast-enhanced axial T1-weighted MR images show parenchymal contrast enhancement at targeted hippocampal 
sites (arrowhead, C), indicating BBB opening and resolution of enhancement at 24 hours following repeat contrast administration, 
indicative of BBB closure. E: Axial T2-weighted MR image shows target sites (green dots) in the right frontal lobe. F–H: Baseline 
(F), immediate post-FUS (G), and 24 hours post-FUS (H) contrast-enhanced axial T1-weighted MR images show parenchymal 
contrast enhancement at targeted right frontal lobe sites (arrowheads, G), indicating BBB opening, and resolution of enhancement 
at 24 hours following repeat contrast administration, indicative of BBB closure. I: Axial T2-weighted MR image shows target sites 
(green dots) in the right parietal lobe. J–L: Baseline (J), immediate post-FUS (K), and 24 hours post-FUS (L) contrast-enhanced 
axial T1-weighted MR images show parenchymal contrast enhancement at targeted right parietal lobe sites (arrowheads, K), 
indicating BBB opening, and resolution of enhancement at 24 hours following repeat contrast administration, indicative of BBB 
closure. Figure is available in color online only.
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Safety
Participants tolerated the procedure well, with no pro-

cedure-related serious AEs (SAEs). No new neurological 
findings were present on examination at any time point. 
All participants were discharged from observation within 
24 hours of each of the 30 procedures. T2* MRI immedi-
ately following FUS treatment and at subsequent follow-up 
did not indicate any overt hemorrhage. One participant had 
small transient edema in the hippocampus that resolved in 
72 hours, with no associated clinical significance. There 
was no indication of infarction or gliosis in the targeted 
areas, as indicated by persistent increases on T2-weighted 
FLAIR imaging. Two of the study participants had SAEs 
unrelated to the study. One male participant was diagnosed 
with pancreatic adenocarcinoma and died 3 weeks after 
this diagnosis; his death occurred 44 weeks after his en-
rollment in the study, and 36 weeks after completion of the 
final treatment. A female participant was diagnosed with 
bilateral ovarian cancer involving the peritoneum and co-
lon. She underwent surgical removal of the mass followed 
by chemotherapy. Subsequently, she had a recurrence and 
completed a second round of chemotherapy, which was 
complicated by renal failure and increased depression.

Cognitive Outcomes
Ten participants completed 6-month assessments, and 

7 completed 1-year follow-up assessments (see Table 2). 
At the 6-month follow-up (n = 10), cognitive function was 
stable compared to baseline. At the 1-year follow-up (n = 
7), cognition showed a decline in the overall group, similar 
to what was observed in the ADNI cohort. As a group, 
all FUS participants are within 2 SDs of the change on 
the MMSE and ADAS-Cog scores at the 6- and 12-month 
follow-ups compared to the matched group (age, sex) of 
ADNI participants. No individual FUS participant showed 
greater decline than the greatest individual decline ob-
served in the ADNI-matched comparison group. Final-
ly, no individual FUS-treated participant demonstrated 
change greater than 2 SDs from the mean scores for the 
MMSE and ADAS-Cog of the ADNI comparison group.

PET Outcomes
Table 3 shows the focal β-amyloid PET analysis results 

for all 10 participants. We observed an average reduction 

in SUVr of 5% (± 4%) in the focal FUS target zone, which 
corresponds to a reduction of 14% (± 14%) on the Centi-
loid scale from baseline (before FUS) compared to after 
the third FUS treatment (approximately 8 weeks). These 
values are expressed as the mean (± SD). Although all the 
participants were eligible for enrollment per the qualita-
tive global uptake positivity criteria on β-amyloid PET, 3 
participants (cases 4–6) had a baseline SUVr lower than 
the cutoff value of 1.4 in AD within the FUS target region. 
These 3 participants were thus removed to be consistent 
with published cutoff values for comparative analysis.

Discussion
FUS is a noninvasive outpatient procedure that allows 

for conformal and reversible BBB opening. We and others 
have reported initial safety and feasibility of FUS-mediat-
ed focal BBB opening targeting limited brain volumes in 
a single brain region among a small group of patients with 
mild AD, with no longer-term outcomes.22,38,39 We now re-
port FUS-mediated BBB opening in multiple brain loca-
tions, comprising far larger brain volumes than previously 
described. We progressively expanded the target volume 
from 5 cm3 in one brain target (hippocampus/EC)22 to 30 
cm3, covering additional areas in the frontal and parietal 
lobe associated with cognition, executive function, behav-
ior, and spatial orientation.40 Importantly, 12-month cogni-
tive outcomes after FUS treatment were similar to those 
reported in the ADNI cohort, suggesting that FUS treat-
ment does not accelerate cognitive decline in early AD. 
All 10 participants had safe and reversible BBB opening 
across 30 separate treatment sessions, with no procedure-
related SAEs.

Although this study targeted FUS to larger brain vol-
umes and multiple locations, the accuracy and efficiency 
of BBB opening within all targeted areas was precise 
and conformal. BBB opening was reversed within 24–48 
hours after each FUS treatment. Quantitative analysis of 
BBB opening showed an average of 82% opening of the 
targeted region. This suggests that FUS can be used to 
open the BBB safely, repeatedly, and reproducibly in mul-
tiple cortical and subcortical regions and in larger volumes 
in patients with AD.

We observed an average focal reduction of β-amyloid in 
the FUS-targeted regions of 5% SUVr and 14% Centiloid 

TABLE 2. Cognitive outcome in 10 patients and 33 controls with AD

Scoring System  
& Participants* Baseline 6 Mos, n = 10 1 Yr, n = 7

Mean Relative Change From Baseline†
6 Mos 1 Yr

MMSE
 FUS group 22.9 (1.9) 22.6 (2.7) 20.3 (3.5) −0.3 (3.1) −2.6 (4.1)
 ADNI group 23.2 (2.3) 22.1 (3.7) 19.3 (4.6) −1.1 (2.7) −3.9 (4.0)
ADAS-Cog
 FUS group 17.3 (5.0) 17.1 (2.7) 21.9 (8.8) −0.2 (5.7) 4.1 (6.8)
 ADNI group 21.1 (6.9) 22.8 (6.9) 27.6 (9.8) 1.7 (5.6) 6.5 (6.8)

Values are expressed as the mean (± SD).
* Control group (n = 33, mean age 67.9 years, sex matched to each FUS participant) was obtained from the ADNI data-
base. For MMSE, lower scores denote worse performance. For ADAS-Cog, higher scores denote worse performance. 
† Values represent the average of each individual change score from baseline.
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scale after 3 BBB openings (approximately 8 weeks post-
baseline). This agrees with the preclinical studies demon-
strating a reduction in β-amyloid with BBB opening.11,17,41 
The exact mechanism of FUS-mediated β-amyloid reduc-
tion is unknown and is an area of active investigation. 
Possible mechanisms include activation of microglia and 
focal inflammation linked to the clearance of β-amyloid 
protein.41,42 We recently demonstrated increased perive-
nous permeability and possible increased glymphatic-me-
diated clearance after FUS BBB opening.24 Our observa-
tion of β-amyloid reduction needs to be confirmed with a 
larger sample size. In addition, the clinical significance of 
β-amyloid reduction in AD needs to be further investigated. 
Although our current study evaluated changes in β-amyloid 
with FUS BBB opening, it is plausible that other biomark-
ers/mediators of the AD pathogenesis, such as Tau proteins, 
may also be impacted by FUS-mediated BBB opening.

This study addressed several critical issues that are nec-
essary for developing FUS as a viable method for therapeu-
tic intervention in AD and other neurodegenerative disor-
ders. Demonstration of reliable targeting of BBB opening 
and rigorous follow-up are essential given the potential 
confounding effects of progressive atrophy and brain struc-
ture changes observed in AD and other neurodegenerative 
conditions.43,44 A matter of concern in the population of pa-
tients with neurodegenerative disorders is the potential for 
immune-mediated worsening of brain pathology, because 
there is increasing evidence that immune mechanisms may 
potentiate pathology and possibly even be primary patho-
genic causes of neurodegenerative disease.45 Although 
BBB opening could aid in the clearance of β-amyloid, it 
could also disrupt the relative brain immune privilege re-
sulting from an intact BBB. Exposing the brain to the im-
mune system could result in enhanced inflammation that 
may exacerbate neurodegenerative conditions, manifesting 
as a progressive worsening of neurological decline over 
time compared with the natural history of the disease.

We did not observe evidence of clinically significant in-
flammation or encephalitis in our study with up to 1 year 

of follow-up. Moreover, our study did not demonstrate an 
acceleration of cognitive decline among FUS-treated par-
ticipants compared to the ADNI control cohort. This sug-
gests that the relatively brief BBB opening following FUS, 
even in a large volume of brain tissue encompassing mul-
tiple at-risk regions, did not adversely impact pathogen-
esis or worsen the natural history of the disease. However, 
short-term follow-up in patients with a neurodegenerative 
disorder may be insufficient to thoroughly evaluate the 
safety of this technique; therefore, additional participants, 
larger treatment volumes, longer-term follow-up periods, 
and a randomized sham-controlled study are necessary for 
definitive conclusions to be made.

Although FUS-mediated BBB opening alone can reduce 
β-amyloid and potentially be of therapeutic benefit, the 
possibility of additional targeted delivery of therapeutic or 
disease-modifying agents has important implications for 
AD and other neurological conditions. In this context, we 
have demonstrated efficient and focal delivery of Gd-based 
contrast into the hippocampus/EC, and into the temporal, 
frontal, and parietal lobes after BBB opening in patients 
with AD. Furthermore, a recent AD preclinical study has 
demonstrated enhanced focal aducanumab delivery with 
FUS BBB opening,46 and a clinical study has demonstrated 
safe monoclonal antibody delivery to the brain following 
FUS-mediated BBB opening in metastatic brain cancer.47 
Coupling the on-demand noninvasive BBB opening with 
precision-targeted, conformal delivery of medications, im-
munotherapy, gene therapy, and cell therapy provides new 
opportunities to advance disease-modifying treatments in 
patients with neurodegenerative disorders while minimiz-
ing the risks associated with invasive surgery that are often 
particularly concerning in these populations.

Conclusions
We have shown that FUS provides a safe, noninvasive, 

and reversible focal opening of the BBB across substantial 
volumes of multiple brain regions in 10 patients with mild 

TABLE 3. Focal ββ-amyloid PET results in 10 patients with AD

Case  
No. Regions

Baseline 
SUVr

Post-FUS 
SUVr

SUVr  
Change (%)

Baseline 
Centiloid Units

Post-FUS 
Centiloid Units

Change in  
Centiloid Units (%)

1 Hipp/EC 1.79 1.57 −0.22 (−12%) 146 97 −49 (−34%)
2 Hipp/EC 1.47 1.39 −0.08 (−6%) 76 57 −19 (−25%)
3 Hipp/EC 1.80 1.77 −0.03 (−2%) 148 141 −7 (−5%)
4* Hipp/EC 1.00 0.99 −0.01 (−1%) −28 −30 −2 (−7%)
5* Hipp/EC 0.91 0.91 0.00 (0%) −49 −49 0 (0%)
6* Hipp/EC 1.27 1.05 −0.22 (−17%) 31 −17 −49 (−158%)
7 Hipp/EC, parietal 4.36 4.03 −0.32 (−7%) 398 336 −62 (−16%)
8 Hipp/EC, parietal, frontal 5.63 5.45 −0.18 (−3%) 442 406 −36 (−8%)
9 Hipp/EC, parietal, frontal 4.73 4.71 −0.02 (−0.4%) 264 261 −3 (−1%)

10 Hipp/EC, parietal, frontal 6.49 6.27 −0.22 (−3%) 617 572 −45 (−7%)

Hipp = hippocampus. 
Results from the β-amyloid PET focal analysis reported per participant as the sum value of SUVr and the SUVr normalized to the standard Centiloid scale for targeted 
region of the hippocampus/EC, parietal lobe, and frontal lobe. Results are reported at baseline and post-FUS (1 week after the third FUS treatment, approximately 60 
days after baseline assessment); also reported are their change in raw value and Centiloid units. 
* Patients in cases 4–6 showed a baseline SUVr lower than 1.4 in the target region and were therefore excluded from the comparative analysis.
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AD. Clinical efficacy and impact on β-amyloid and other 
biomarkers can be further determined with future studies 
that include larger sample sizes, larger brain volume treat-
ment, and longer follow-up. FUS combined with medi-
cations, antibodies, or other therapeutics offers a unique 
opportunity for investigations in a focused and targeted 
approach. The FUS technology has evolved since the en-
rollment of our first AD study participant in October 2018. 
Current technology now provides for frameless proce-
dures and no longer requires the head to be shaved, which 
is likely to enhance patient comfort and the acceptability 
of the procedure. These and other innovations should sig-
nificantly expand the adoption and widespread use of this 
technology and should lower the barrier for multiple treat-
ments.

Appendix
Data used in preparation of this article were obtained from 

the ADNI database (adni.loni.usc.edu). As such, the investigators 
within the ADNI contributed to the design and implementation of 
ADNI and/or provided data but did not participate in the analysis 
or writing of this report. A complete listing of ADNI investiga-
tors can be found at http://adni.loni.usc.edu/wp-content/uploads/
how_to_apply/ADNI_Acknowledgement_List.pdf.

Acknowledgments
We acknowledge the following individuals who were essential 

in the conduct of this study: M. Miller, MD, C. Marsh, MD, B. 
Harring, K. Everson, T. Bowsher, and P. Tirumalai, PhD, from 
the Rockefeller Neuroscience Institute; S. Welch, T. Moran, and 
A. Mayerich from the West Virginia Clinical and Translational 
Science Institute; M. Michael, B. Nikolov, and K. Strybing, NP, 
from the Weill Cornell Medical College; and N. Kelm, PhD, and 
E. Mason, PhD, from INISIGHTEC.

Research in this publication was supported by the National 
Institute of General Medical Sciences of the NIH under award no. 
5U54GM104942-05. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of 
the NIH. 

INSIGHTEC, the manufacturer of the focused ultrasound 
device, has sponsored this clinical trial. The sponsor does not 
have any role in data interpretation or manuscript preparation.

The ADNI funded data collection and sharing for this proj-
ect (NIH grant no. U01 AG024904) and for the Department 
of Defense ADNI (Department of Defense award no. 
W81XWH-12-2-0012). The ADNI is funded by the National 
Institute on Aging, the National Institute of Biomedical Imaging 
and Bioengineering, and through generous contributions from the 
following: AbbVie; Alzheimer’s Association; Alzheimer’s Drug 
Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; 
Bristol-Myers Squibb Co.; CereSpir, Inc.; Cogstate; Eisai, Inc.; 
Elan Pharmaceuticals, Inc.; Eli Lilly and Co.; EuroImmun; F. 
Hoffmann-La Roche, Ltd., and its affiliated company Genentech, 
Inc.; Fujirebio; GE Healthcare; IXICO, Ltd.; Janssen Alzheimer 
Immunotherapy Research & Development, LLC; Johnson 
& Johnson Pharmaceutical Research & Development, LLC; 
Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics, 
LLC; NeuroRx Research; Neurotrack Technologies; Novartis 
Pharmaceuticals Corp.; Pfizer, Inc.; Piramal Imaging; Servier; 
Takeda Pharmaceutical Co.; and Transition Therapeutics. The 
Canadian Institutes of Health Research is providing funds to 
support ADNI clinical sites in Canada. Private sector contribu-
tions are facilitated by the Foundation for the NIH (www.fnih.
org). The grantee organization is the Northern California Institute 
for Research and Education, and the study is coordinated by the 

Alzheimer’s Therapeutic Research Institute at the University 
of Southern California. ADNI data are disseminated by the 
Laboratory for NeuroImaging at the University of Southern 
California. 

References
 1. Yang Z, Lin PJ, Levey A. Monetary costs of dementia in the 

United States. N Engl J Med. 2013; 369(5): 489.
 2. Matthews KA, Xu W, Gaglioti AH, et al. Racial and ethnic 

estimates of Alzheimer’s disease and related dementias in the 
United States (2015-2060) in adults aged ≥65 years. Alzheim-
ers Dement. 2019; 15(1): 17-24.

 3. Cummings J, Lee G, Zhong K, Fonseca J, Taghva K. Alzhei-
mer’s disease drug development pipeline:  2021. Alzheimers 
Dement (N Y). 2021; 7(1): e12179.

 4. Doody RS, Thomas RG, Farlow M, et al. Phase 3 trials of 
solanezumab for mild-to-moderate Alzheimer’s disease. N 
Engl J Med. 2014; 370(4): 311-321.

 5. Lennon MJ, Rigney G, Raymont V, Sachdev P. Genetic thera-
pies for Alzheimer’s disease:  a scoping review. J Alzheimers 
Dis. 2021; 84(2): 491-504.

 6. Knopman DS, Jones DT, Greicius MD. Failure to demon-
strate efficacy of aducanumab:  an analysis of the EMERGE 
and ENGAGE trials as reported by Biogen, December 2019. 
Alzheimers Dement. 2021; 17(4): 696-701.

 7. Knopman DS. Lowering of amyloid-beta by β-secretase 
inhibitors—some informative failures. N Engl J Med. 2019; 
380(15): 1476-1478.

 8. Pardridge WM. Treatment of Alzheimer’s disease and blood-
brain barrier drug delivery. Pharmaceuticals (Basel). 2020; 
13(11): 394.

 9. Hersh DS, Wadajkar AS, Roberts N, et al. Evolving drug 
delivery strategies to overcome the blood brain barrier. Curr 
Pharm Des. 2016; 22(9): 1177-1193.

10. Pardridge WM. Blood-brain barrier and delivery of protein 
and gene therapeutics to brain. Front Aging Neurosci. 2020; 
11: 373.

11. Burgess A, Dubey S, Yeung S, et al. Alzheimer disease in a 
mouse model:  MR imaging-guided focused ultrasound tar-
geted to the hippocampus opens the blood-brain barrier and 
improves pathologic abnormalities and behavior. Radiology. 
2014; 273(3): 736-745.

12. Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. 
Non-invasive opening of BBB by focused ultrasound. Acta 
Neurochir Suppl. 2003; 86: 555-558.

13. 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(2): 246-254.

14. Ranjan M, Boutet A, Bhatia S, et al. Neuromodulation 
beyond neurostimulation for epilepsy:  scope for focused 
ultrasound. Expert Rev Neurother. 2019; 19(10): 937-943.

15. 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. Ultra-
sound Med Biol. 2004; 30(7): 979-989.

16. Aryal M, Arvanitis CD, Alexander PM, McDannold N. Ultra-
sound-mediated blood-brain barrier disruption for targeted 
drug delivery in the central nervous system. Adv Drug Deliv 
Rev. 2014; 72: 94-109.

17. Jordao JF, Thévenot E, Markham-Coultes K. Amyloid-β 
plaque reduction, endogenous antibody delivery and glial 
activation by brain-targeted, transcranial focused ultrasound. 
Exp Neurol. 2013; 248: 16-29.

18. Scarcelli T, Jordão JF, O’Reilly MA, Ellens N, Hynynen K, 
Aubert I. Stimulation of hippocampal neurogenesis by trans-
cranial focused ultrasound and microbubbles in adult mice. 
Brain Stimul. 2014; 7(2): 304-307.

Brought to you by UCSF Lib & CKM/Rsrcs Magmt | Unauthenticated | Downloaded 02/27/24 08:25 PM UTC



J Neurosurg Volume 139 • July 2023 283

Rezai et al.

19. Stavarache MA, Petersen N, Jurgens EM, et al. Safe and 
stable noninvasive focal gene delivery to the mammalian 
brain following focused ultrasound. J Neurosurg. 2018; 
130(3): 989-998.

20. Mainprize T, Lipsman N, Huang Y, et al. Blood-brain barrier 
opening in primary brain tumors with non-invasive MR-
guided focused ultrasound:  a clinical safety and feasibility 
study. Sci Rep. 2019; 9(1): 321.

21. D’Haese PF, Ranjan M, Song A, et al. β-Amyloid plaque re-
duction in the hippocampus after focused ultrasound-induced 
blood-brain barrier opening in Alzheimer’s disease. Front 
Hum Neurosci. 2020; 14: 593672.

22. Rezai AR, Ranjan M, D’Haese PF, et al. Noninvasive hip-
pocampal blood-brain barrier opening in Alzheimer’s disease 
with focused ultrasound. Proc Natl Acad Sci U S A. 2020; 
117(17): 9180-9182.

23. McKhann GM, Knopman DS, Chertkow H, et al. The diag-
nosis of dementia due to Alzheimer’s disease:  recommenda-
tions from the National Institute on Aging-Alzheimer’s Asso-
ciation workgroups on diagnostic guidelines for Alzheimer’s 
disease. Alzheimers Dement. 2011; 7(3): 263-269.

24. Mehta RI, Carpenter JS, Mehta RI, et al. Blood-brain barrier 
opening with MRI-guided focused ultrasound elicits men-
ingeal venous permeability in humans with early Alzheimer 
disease. Radiology. 2021; 298(3): 654-662.

25. Blennow K, Mattsson N, Schöll M, Hansson O, Zetterberg H. 
Amyloid biomarkers in Alzheimer’s disease. Trends Pharma-
col Sci. 2015; 36(5): 297-309.

26. Huo Y, Xu Z, Xiong Y, et al. 3D whole brain segmentation 
using spatially localized atlas network tiles. Neuroimage. 
2019; 194: 105-119.

27. Lavely WC, Scarfone C, Cevikalp H, et al. Phantom valida-
tion of coregistration of PET and CT for image-guided radio-
therapy. Med Phys. 2004; 31(5): 1083-1092.

28. Klunk WE, Koeppe RA, Price JC, et al. The Centiloid Proj-
ect:  standardizing quantitative amyloid plaque estimation by 
PET. Alzheimers Dement. 2015; 11(1): 1-15.e1-4.

29. Battle MR, Pillay LC, Lowe VJ, et al. Centiloid scaling for 
quantification of brain amyloid with [18F]flutemetamol using 
multiple processing methods. EJNMMI Res. 2018; 8(1): 107.

30. Lowe SL, Duggan Evans C, Shcherbinin S, et al. Donanemab 
(LY3002813) phase 1b study in Alzheimer’s disease:  rapid and 
sustained reduction of brain amyloid measured by florbetapir 
F18 imaging. J Prev Alzheimers Dis. 2021; 8(4): 414-424.

31. Espay AJ. Donanemab in early Alzheimer’s disease. N Engl J 
Med. 2021; 385(7): 666-667.

32. Su Y, Flores S, Hornbeck RC, et al. Utilizing the Centiloid 
scale in cross-sectional and longitudinal PiB PET studies. 
Neuroimage Clin. 2018; 19: 406-416.

33. Jack CR Jr, Wiste HJ, Weigand SD, et al. Different definitions 
of neurodegeneration produce similar amyloid/neurodegen-
eration biomarker group findings. Brain. 2015; 138(Pt 12): 
3747-3759.

34. Villemagne VL, Ong K, Mulligan RS, et al. Amyloid imag-
ing with (18)F-florbetaben in Alzheimer disease and other 
dementias. J Nucl Med. 2011; 52(8): 1210-1217.

35. Chételat G, Villemagne VL, Bourgeat P, et al. Relationship 
between atrophy and beta-amyloid deposition in Alzheimer 
disease. Ann Neurol. 2010; 67(3): 317-324.

36. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. 
A practical method for grading the cognitive state of patients 
for the clinician. J Psychiatr Res. 1975; 12(3): 189-198.

37. Rosen WG, Mohs RC, Davis KL. A new rating scale for Alz-
heimer’s disease. Am J Psychiatry. 1984; 141(11): 1356-1364.

38. Lipsman N, Meng Y, Bethune AJ, et al. Blood-brain barrier 
opening in Alzheimer’s disease using MR-guided focused 
ultrasound. Nat Commun. 2018; 9(1): 2336.

39. 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): 44.

40. Dickerson BC, Bakkour A, Salat DH, et al. The cortical 
signature of Alzheimer’s disease:  regionally specific cortical 
thinning relates to symptom severity in very mild to mild AD 
dementia and is detectable in asymptomatic amyloid-positive 
individuals. Cereb Cortex. 2009; 19(3): 497-510.

41. Leinenga G, Götz J. Scanning ultrasound removes amyloid-β 
and restores memory in an Alzheimer’s disease mouse 
model. Sci Transl Med. 2015; 7(278): 278ra33.

42. Poon CT, Shah K, Lin C, et al. Time course of focused ultra-
sound effects on β-amyloid plaque pathology in the TgCRND8 
mouse model of Alzheimer’s disease. Sci Rep. 2018; 8(1): 14061.

43. Fox NC, Crum WR, Scahill RI, Stevens JM, Janssen JC, 
Rossor MN. Imaging of onset and progression of Alzheimer’s 
disease with voxel-compression mapping of serial magnetic 
resonance images. Lancet. 2001; 358(9277): 201-205.

44. Risacher SL, Shen L, West JD, et al. Longitudinal MRI 
atrophy biomarkers:  relationship to conversion in the ADNI 
cohort. Neurobiol Aging. 2010; 31(8): 1401-1418.

45. Mayne K, White JA, McMurran CE, Rivera FJ, de la Fuente 
AG. Aging and neurodegenerative disease:  is the adaptive 
immune system a friend or foe? Front Aging Neurosci. 2020; 
12: 572090.

46. Leinenga G, Koh WK, Götz J. A comparative study of the 
effects of Aducanumab and scanning ultrasound on amyloid 
plaques and behavior in the APP23 mouse model of Al-
zheimer disease. Alzheimers Res Ther. 2021; 13(1): 76.

47. Meng Y, Reilly RM, Pezo RC, et al. MR-guided focused 
ultrasound enhances delivery of trastuzumab to Her2-positive 
brain metastases. Sci Transl Med. 2021;13(615):eabj4011.

Disclosures
Dr. Claassen: consultant for Alterity, Teva Neuroscience, Spark 
Therapeutics, and Photopharmics. He is also on the board of 
Huntington’s Disease Society of America and editor for the 
Huntington Study Group. Dr. Krishna: received clinical or 
research support for the study described (includes equipment or 
material) from INSIGHTEC, Inc.

Author Contributions
Conception and design: Rezai, Ranjan, Haut, Carpenter, D’Haese, 
Mehta, Hodder, Kaplitt. Acquisition of data: Rezai, Ranjan, Haut, 
Carpenter, D’Haese, Mehta, Najib, Wang, Chazen, Deib, Hodder, 
Wilhelmsen, Kaplitt. Analysis and interpretation of data: Rezai, 
Ranjan, Haut, Carpenter, D’Haese, Mehta, Najib, Wang, Claassen, 
Chazen, Deib, Hodder, Wilhelmsen, Finomore, Konrad, Kaplitt. 
Drafting the article: Rezai, Ranjan, Haut, D’Haese, Mehta, 
Hodder, Finomore, Kaplitt. Critically revising the article: all 
authors. Reviewed submitted version of manuscript: all authors. 
Approved the final version of the manuscript on behalf of all 
authors: Rezai. Statistical analysis: Rezai, Haut, D’Haese, Wang, 
Claassen, Deib, Hodder, Finomore, Kaplitt. Administrative/tech-
nical/material support: Rezai, Ranjan, Haut, Carpenter, Chazen, 
Hodder, Finomore, Konrad, Kaplitt. Study supervision: Rezai, 
Hodder, Kaplitt.

Supplemental Information 
Online-Only Content
Supplemental material is available with the online version of the 
article.

Supplemental Material. https://thejns.org/doi/suppl/ 10.3171/ 
2022.9.JNS221565.

Correspondence
Ali R. Rezai: WVU Rockefeller Neuroscience Institute, 
Morgantown, WV. ali.rezai@hsc.wvu.edu.

Brought to you by UCSF Lib & CKM/Rsrcs Magmt | Unauthenticated | Downloaded 02/27/24 08:25 PM UTC

https://thejns.org/doi/suppl/10.3171/2022.9.JNS221565
https://thejns.org/doi/suppl/10.3171/2022.9.JNS221565

