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A hallmark of Alzheimer disease and other tauopathies  
 is the hyperphosphorylation of tau species in the brain 

(1), which leads to their dissociation from the microtubule, 
misfolding, aggregation, and subsequent neuronal death. 
Interindividual variations in the posttranslational modi-
fications of tau species have been associated with disease 
stage and pathogenicity (1,2). In recent years, various PET 
radiotracers for amyloid and tau imaging and highly sensi-
tive biofluid markers have emerged for Alzheimer disease 
(3,4); however, accurate and comprehensive characteriza-
tion of the complex landscape of brain proteinopathies 
with their secondary neurodegenerative effects remains 
challenging. Noninvasive detection of brain-derived patho-
genic tau molecules and biomarkers of neurodegeneration 
is imperative to advance the understanding of tauopathies 
and develop personalized therapeutic strategies.

Recently, highly sensitive cerebrospinal fluid and blood-
based liquid biopsy (BLBx) assays have been developed 
to detect fluid biomarkers of primary proteinopathy and 
secondary biomarkers that herald downstream processes 
in neurodegenerative disorders (5,6). Neurofilament light 
chain (NfL) protein is one of the emerging secondary 
biomarkers that is released from damaged axons into the 
extracellular space and subsequently into the bloodstream 
(7) and has shown promise in the prediction of disease pro-
gression (8). However, beyond screening for early detection 
of neurodegenerative disorders, the clinical utility of these 
blood-based biomarkers faces crucial challenges. First, the 
blood-brain barrier (BBB) acts as a biased filter with differen-
tial permeability to brain-derived biomarkers, which allows 
the passage of certain protein biomarkers while limiting the 
release of various other pathogenic protein species into the 
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Materials and Methods

Animal Preparation
Male transgenic PS19 (B6;C3-Tg (Prnp-MAPT*P301S)
PS19Vle/J mice expressing P301S human tau) and noncarrier 
wild-type mice were purchased from the Jackson Laboratory 
(stock no. 008169) (19). All animal procedures were reviewed 
and approved by the institutional animal care and use commit-
tee at Washington University in St Louis in accordance with the 
Guide for the Care and Use of Laboratory Animals and the Ani-
mal Welfare Act.

Focused Ultrasound Set-Up, Sonobiopsy Procedures, and 
Study Designs
The MRI-compatible focused ultrasound system (Fig 1A) used 
in this study has been previously described (16,20). Details of 
the focused ultrasound set-up, MRI, microbubble preparation, 
passive cavitation detection, and assessment of BBB opening are 
provided in Appendix S1. Briefly, microbubbles were injected 
30 seconds prior to the start of focused ultrasound sonication 
(frequency, 1.5 MHz; peak negative pressure after derating for 
skull attenuation, 0.68 MPa; pulse repetition frequency, 5 Hz; 
duty cycle, 3.35%; pulse length, 6.7 msec; treatment duration, 
32 seconds).

In the first experiment, 15 PS19 and 13 wild-type 2-month-
old mice were divided into sonobiopsy (seven PS19 mice, seven 
wild-type mice) and control BLBx (eight PS19 mice, six wild-
type mice) groups. Focused ultrasound was applied to the right 
cerebral hemisphere (Fig 1B), which includes areas that exhibit 
early p-tau deposition in young PS19 mice (ie, hippocampus, 
piriform cortex, and entorhinal cortex) (21,22). Blood samples 
were collected via cardiac puncture 30 minutes after focused ul-
trasound sonication in the sonobiopsy groups or sham treatment 
in the BLBx groups. The plasma levels of p-tau species phos-
phorylated at threonine-181 (p-tau-181) and threonine-231 (p-
tau-231) (19,23) were measured in focused ultrasound–treated 
and BLBx PS19 and wild-type mice. In addition, the plasma 
levels of mouse tau (total m-tau) were measured as an internal 
control to normalize p-tau levels in plasma (refer to Appendix S1 
for details on p-tau normalization).

In the second experiment, a lower peak negative pressure 
was applied (0.40 MPa vs 0.68 MPa in the first experiment), 
and smaller brain areas were targeted. Otherwise, the same 
sonication parameters were used. Fourteen 6-month-old PS19 
mice were divided into control BLBx (n = 5) and sonobiopsy  
(n = 9) groups. Focused ultrasound sonication was performed 
at either the ventral anterolateral cerebral cortex (ie, olfactory 
cerebral cortex that includes the piriform cortex and amygdala;  
n = 3) or the hippocampus (n = 6) (Fig 2). Both brain regions 
exhibit early neurodegenerative changes in PS19 mice (19,23). 
The selection of a smaller target region of the brain enabled 
examination of the regional specificity of sonobiopsy by eval-
uating the biomarker release from each localized region. To 
mitigate the effects of variabilities in baseline plasma biomark-
ers among the PS19 mice, a pre-post study design was adopted 
to evaluate changes in NfL levels by sampling blood before 
focused  ultrasound (pre-focused ultrasound, submandibular 

circulation (9,10). Second, fluid biomarkers lack anatomic infor-
mation on the location of the disease. Accordingly, variations in 
disease-related brain-derived biomarkers can be obscured by their 
release from peripheral tissues or nonspecific release from normal 
brain tissue. Therefore, conventional approaches are unable to 
colocalize the source of biomarker release with observed neu-
roimaging abnormalities, which is key to establish the underly-
ing molecular pathways driving the neurodegenerative changes. 
Lastly, rapid clearance of biomarkers from biofluids may render 
them undetectable. In addition, the variability caused by inter- 
or intraindividual differences in clearance rates could limit the 
accuracy of fluid biomarker approaches.

Focused ultrasound–mediated blood-based liquid biopsy (so-
nobiopsy) is an emerging technique that has the promise to ad-
dress these challenges. Localized focused ultrasound (with a focal 
region size on the order of a few millimeters) combined with 
microbubbles can disrupt the BBB that is visible with contrast-
enhanced MRI (11) and can facilitate drug delivery in the brain 
(12). Sonobiopsy leverages this targeted reversible focal opening 
of the BBB to increase the diagnostic yield of plasma biomark-
ers originating from the anatomically targeted brain location  
(ie, spatially selective). By collecting blood samples immediately 
before and after sonobiopsy, the postsonobiopsy biomarker 
levels can be compared against baseline levels to provide a 
direct estimate of focused ultrasound–induced release from the 
sonicated brain region (ie, temporally controlled).

Our group and others have used sonobiopsy to facilitate the 
release of nucleic acid–based biomarkers from brain tumors and 
brain-derived tissue markers from the healthy brain parenchyma 
to the bloodstream (13–18). Here, we hypothesized that the 
application of sonobiopsy can be extended to neurodegenera-
tive diseases by enhancing the release of pathologic tau proteins 
and markers of neurodegeneration to the blood. In this proof-of-
principle study, we sought to determine the capability of sonobi-
opsy to release phosphorylated tau species (p-tau) and NfL into 
the bloodstream by opening the BBB.

Abbreviations
BBB = blood-brain barrier, BLBx = blood-based liquid biopsy,  
m-tau = mouse tau, NfL = neurofilament light chain, p-tau = 
phosphorylated tau, p-tau-181 = p-tau at threonine position 181, 
p-tau-231 = p-tau at threonine position 231

Summary
Focused ultrasound–mediated blood-based liquid biopsy (sonobiopsy) 
improves detection of biomarkers of neurodegeneration from spatially 
targeted brain regions into the blood circulation compared with liquid 
biopsy without focused ultrasound.

Key Results
■	 In a tauopathy mouse model, focused ultrasound–mediated liquid 

biopsy (sonobiopsy) significantly increased the level of normalized 
phosphorylated tau at threonine position 181 (1.7-fold increase,  
P = .006) and, to a lesser extent, the level of normalized phosphor-
ylated tau at threonine position 231 (1.4-fold increase, P = .048) 
compared with levels in the control mouse group that underwent 
liquid biopsy without focused ultrasound.

■	 Spatially targeted sonobiopsy resulted in a 2.3-fold increase in plasma 
neurofilament light chain (P < .001).
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Figure 1:  MRI-guided sonobiopsy changed composition of circulating phosphorylated tau (p-tau) species in 2-month-old PS19 mice (experiment 
1). (A) Diagram of the focused ultrasound (FUS) system in the small-animal MRI scanner. The mouse head was fixed in the MRI coil, and the focused 
ultrasound transducer was coupled to the skull with ultrasound gel and a water balloon filled with degassed water. (B) Schematic of the focused ultra-
sound trajectory targeting the right cerebral hemisphere. (C) T1-weighted MRI scans were acquired before focused ultrasound and intravenous con-
trast material administration. (D) Post-focused ultrasound/postcontrast T1-weighted MRI scans confirmed focused ultrasound–induced blood-brain 
barrier (BBB) disruption as a signal enhancement. Except for one wild-type mouse, successful BBB opening was observed in all mice that underwent 
focused ultrasound (six of seven wild-type mice, seven of seven PS19 mice). The wild-type mouse with no evidence of BBB opening after focused 
ultrasound was excluded from further analysis. There was no significant group difference (P = .71) in the volume of focused ultrasound–mediated 
BBB opening between PS19 (mean, 30.88 mm3 ± 17.94 [SD]) and wild-type (35.12 mm3 ± 22.94) mice. (E) In PS19 mice, normalized p-tau-181 
(p-tau-181–to–m-tau ratio) was significantly greater (P = .006) in the sonobiopsy group (n = 7; mean, 0.57 ± 0.19) compared with the normalized 
pTau-181 in the blood-based liquid biopsy (blood LBx) group (ie, control group without focused ultrasound treatment; n = 8; mean, 0.36 ± 0.09). (F) 
In PS19 mice, the normalized pTau-231 (pTau-231–to–m-tau ratio) was significantly greater (P = .048) in the sonobiopsy group (n = 8; mean, 0.17 ± 
0.06) compared with the normalized pTau-181 in the blood LBx group (n = 7; mean, 0.13 ± 0.03). Black bars indicate median in E and F.
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Figure 2:  Sonobiopsy enhanced levels of plasma neurofilament light chain protein (NfL) in 6-month-old PS19 mice (experiment 2). (A) 
Schematic of the focused ultrasound trajectory targeting the olfactory cerebral cortex (piriform cortex and amygdala). (B) T1-weighted MRI scans 
were acquired before focused ultrasound and intravenous contrast material administration. (C) Post-focused ultrasound and postcontrast T1-
weighted MRI scans enabled confirmation of focused ultrasound-induced blood-brain barrier (BBB) disruption as a signal enhancement. (D) Sche-
matic of the focused ultrasound trajectory targeting the hippocampus. (E) T1-weighted MRI scans were acquired before focused ultrasound and 
intravenous contrast material administration. (F) Post-focused ultrasound and postcontrast T1-weighted MRI scans enabled confirmation of focused 
ultrasound–induced BBB disruption as a signal enhancement. There was no significant difference (P = .17) in the volume of focused ultrasound–medi-
ated BBB disruption between mice treated at the olfactory cerebral cortex (mean, 21.74 mm3 ± 5.81) or the hippocampus (mean, 15.42 mm3 ± 
5.83). (G) Sonobiopsy resulted in a 2.3-fold increase in plasma NfL levels (n = 8, P < .001). (H) The normalized plasma NfL (post-focused ultra-
sound–to–pre-focused ultrasound ratio) was significantly greater (P = .041) in the sonobiopsy group (n = 9, 3.34 ± 2.15) than the blood LBx group 
(control group without focused ultrasound treatment, n = 5; 1.28 ± 0.22). Black bar indicates median.
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blood collection), 15 minutes after focused ultrasound (post-fo-
cused ultrasound, submandibular blood collection), and 45–60 
minutes after focused ultrasound (post-focused ultrasound–car-
diac, terminal cardiac puncture). In the BLBx group, subman-
dibular blood collection (pre-focused ultrasound) was followed 
by cardiac puncture (post-focused ultrasound–cardiac). Unlike 
the post-focused ultrasound–cardiac samples, NfL measure-
ments of pre-focused ultrasound and post-focused ultrasound 
blood samples in the group that underwent focused ultrasound 
are directly comparable (same blood collection method and  
NfL measurements in the same batch of reagents with the same 
sample dilutions) (Table S1).

The sonication trajectories for both experiments are shown 
in Figures 1 and 2 and are discussed in Appendix S1. Contrast-
enhanced T1-weighted MRI was performed to assess BBB dis-
ruption (Figs 1, 2). Mice in the BLBx groups underwent a sham 
sonobiopsy procedure, including pre-focused ultrasound and 
post-focused ultrasound MRI scans, saline injection, and no fo-
cused ultrasound sonication.

Plasma Biomarker Detection
Mouse blood was collected into ethylenediaminetetraacetic acid 
(EDTA) tubes and spun at 6000 g for 5 minutes at 4°C. The top 
plasma layer was transferred to a 0.5-mL microcentrifuge tube 
and stored at −80°C. All plasma protein measurements were 
performed in duplicate on a fully automated HD-X Analyzer 
(Quanterix) using ultrahigh sensitive Single Molecule Array 
(Simoa) kits. Details and plasma sample dilutions for all assays 
are provided in Table S1.

Histologic Analysis
Hematoxylin-eosin staining was performed to examine red blood 
cell extravasation and cellular injury. In the first experiment, brain 
tissue slices were collected from one PS19 mouse and seven wild-
type mice. For the second experiment, brain tissue slices were also 
available from four additional PS19 mice that were sonicated us-
ing the same conditions, resulting in a total sample size of 13. Tis-
sue slices were imaged on the Axio Scan.Z1 Slide Scanner (Zeiss). 
QuPath, version 0.2.0 (24) was used to detect the presence of 
focused ultrasound–induced hemorrhage (see Appendix S1 for 
further details).

Statistical Analysis
All statistical analyses were performed using R, version 4.1.2 
(https://www.r-project.org/). All continuous variables were tested 
for normal distribution using the Shapiro-Wilk test (Table S2). 
All absolute plasma levels were log-transformed to achieve a nor-
mal distribution, while the plasma level ratios were compared 
with no transformation (see Appendix S1 for further details). For 
normally distributed parameters, t tests were used for between-
group comparisons, assuming unequal variance. The Mann-
Whitney U test was used for parameters deviating from normal 
distribution. Paired t tests were conducted to compare pre- and 
postsonication levels of NfL and ipsi- and contralateral microhe-
morrhage density. As we expected increases in biomarker levels 
after focused ultrasound treatment and tissue microhemorrhage 
density in the side treated with focused ultrasound, all reported 

P values are one tailed, unless otherwise specified (P < .05 indi-
cated a significant difference).

Results

Sonobiopsy and Circulating P-Tau Species in PS19 Mice
We first demonstrated the efficacy of sonobiopsy to enrich the 
blood with pathologic p-tau species compared with conventional 
BLBx. As expected, the absolute levels of p-tau species were 
higher in PS19 mice than in wild-type mice (Fig S1). Although 
the absolute levels of p-tau species were not significantly higher 
in the PS19 mice that underwent focused ultrasound (Fig S1), 
there was a significant 1.7-fold increase (P < .001) in the nor-
malized levels of p-tau-181 (ie, p-tau-181–to–m-tau ratio) in 
the seven PS19 mice that underwent sonobiopsy (mean, 0.58 ± 
0.18 [SD]) compared with the eight PS19 mice that underwent 
BLBx (mean, 0.34 ± 0.10) (Fig 1E). There was a significant  
1.4-fold increase (P = .048) in the normalized levels of p-
tau-231 (p-tau-231–to–m-tau ratio) in the seven PS19 mice 
that underwent sonobiopsy (mean, 0.17 ± 0.06) compared 
with the eight PS19 mice that underwent BLBx (mean,  
0.12 ± 0.03) (Fig 1F). Unlike the PS19 mice, there was no sig-
nificant increase in normalized p-tau-181 or p-tau-231 levels 
between the sonobiopsy (n = 6) and BLBx (n = 6) groups for 
the wild-type mice (Fig S2).

Sonobiopsy and NfL in the Early Neurodegenerative Stage 
of PS19 Mice
We further evaluated the capability of sonobiopsy to release 
NfL, a secondary biomarker of tauopathy, in the early neuro-
degenerative stages in 6-month-old PS19 mice (19). We also 
assessed the potential of survival blood collection and the ca-
pability to target specific brain regions. There was a 2.3-fold 
increase in plasma NfL after focused ultrasound (post-focused 
ultrasound vs pre-focused ultrasound [n = 8]; both subman-
dibular blood collections, P < .001; Fig 2G). Next, we calcu-
lated the normalized plasma NfL level using the ratio of plasma 
NfL levels in the terminal cardiac sample (post-focused ultra-
sound–cardiac) to the pre-focused ultrasound submandibular 
sample (pre-focused ultrasound). Compared with the BLBx 
group (untreated PS19 mice), the ratio of post-focused ultra-
sound–cardiac to pre-focused ultrasound plasma NfL level was 
2.6-fold higher in the PS19 mice that underwent sonobiopsy 
(Mann-Whitney U test given nonnormal distribution; P = .041; 
mice that underwent sonobiopsy, 3.34 ± 2.15 [n = 9]; mice that 
underwent BLBx, 1.28 ± 0.22 [n = 5]) (Fig 2H). There was 
no clear difference in focused ultrasound-induced NfL release  
between the hippocampus and cortex in sonicated groups  
(Fig 2G). Altogether, by accounting for the baseline levels of 
plasma NfL, our findings show that sonication of the hippocam-
pus and cerebral cortex leads to an increase in NfL plasma levels 
in the PS19 mice, even at an early neurodegenerative stage.

Assessment of Brain Injury with Sonobiopsy
Hematoxylin-eosin staining of the eight 2-month-old PS19 
mice treated with 0.68 MPa (Fig 3A) revealed that the micro-
hemorrhage surface area in the hemisphere treated with focused 
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ultrasound (mean, 0.051 mm2 ± 0.039) was significantly greater 
than that in the untreated contralateral hemisphere (mean, 
0.016 mm2 ± 0.018; P = .036) (Fig 3B). For the 13 6-month-old 
PS19 mice that were treated with the lower focused ultrasound 
peak negative pressure (0.40 MPa) and a smaller target region, 
hematoxylin-eosin staining (Fig 3C) revealed no excess in the 
microhemorrhage surface area in the hemisphere treated with 
focused ultrasound (mean, 0.014 mm2 ± 0.006) compared with 
the untreated hemisphere (mean, 0.013 mm2 ± 0.007; P = .26) 
(Fig 3D). Minimal inertial cavitation (a predictor for focused 
ultrasound–induced tissue damage) was detected with passive 
cavitation detection in both experiments (Appendix S1).

Discussion
In this study, sonobiopsy significantly enhanced the release of 
p-tau species and a secondary marker of neurodegeneration 

into the bloodstream for noninvasive diagnosis 
of tauopathies and neurodegenerative diseases. 
Sonobiopsy leveraged the spatial targeting of fo-
cused ultrasound to open a relatively small region 
of the brain, thus allowing for spatially localized 
biomarker release. Finally, we showed that sonobi-
opsy of brain parenchyma is safe, and brain dam-
age (ie, microhemorrhage) can be minimized by 
lowering the peak negative pressure of focused ul-
trasound, while maintaining elevated blood levels 
of biomarkers beyond baseline measurements.

Previously, sonobiopsy enabled sensitive de-
tection of circulating biomarkers by enrich-
ing the blood samples of mouse and pig glioma 
models with DNA- or RNA-based biomarkers 
(13,14,16,18). However, the BBB is inherently 
compromised by tumor growth in these brain tu-
mor models. A prior study showed the application 
of sonobiopsy to release normal structural brain 
proteins in the healthy pig model (15). This study 
expanded the utility of sonobiopsy by demon-
strating the focused ultrasound–induced release 
of both primary pathogenic proteins (p-tau spe-
cies) and a downstream biomarker of neurodegen-
eration. Moreover, we showed that enrichment of 
plasma with p-tau species after focused ultrasound 
occurred exclusively in PS19 mice but not in wild-
type mice. This finding supports the belief that 
sonobiopsy-induced release of brain-derived bio-
markers is specific to the underlying disease in the 
focused ultrasound–targeted brain tissue.

We observed high baseline levels of p-tau-181, 
p-tau-231, and NfL in PS19 mice. This is ex-
pected, as these are established biomarkers for 
tauopathy and neurodegeneration that are read-
ily detectable in plasma with highly sensitive as-
says. Despite the likely dampening of the apparent 
yield of sonobiopsy, the 1.4–2.3-fold increases in 
p-tau species and NfL suggest that sonobiopsy is 
robust and can have a clinical impact, even with 
biomarkers with relatively high baseline levels 

and intra- or interindividual variability (25,26). It follows that 
sonobiopsy will have a much higher yield for low-abundance 
peripheral biomarkers, such as DNA- or RNA-based biomark-
ers (13,16). To further complicate diagnostic performance,  
p-tau-181, p-tau-231, and NfL had large variabilities across 
subjects, which likely reflects the heterogeneity observed in 
neuropathology in PS19 mice (27). Moreover, interindividual 
variations in nonspecific release and clearance of biomarkers 
can result in large differences in baseline levels of brain-derived 
plasma biomarkers in the steady state. Similarly, in the clini-
cal setting, such variations that are unrelated to the underlying 
disease process can decrease the sensitivity and specificity of 
plasma biomarkers in conventional liquid biopsy. In contrast, 
sonobiopsy can directly address this limitation by allowing 
blood sample collection before and after sonication to com-
pare the biomarker levels within each subject. In this way, the 

Figure 3:  Safety assessment of sonobiopsy. (A) Representative hematoxylin-eosin staining for 
experiment 1 with 2-month-old mice. (B) There was a significant increase in microhemorrhage 
surface area (red arrow) in the treated hemisphere (mean, 0.051 mm2 ± 0.039) compared with 
the untreated hemisphere (mean, 0.016 mm2 ± 0.018; P = .036). (C) Representative hematoxylin-
eosin staining for experiment 2 with 6-month-old mice. (D) There was no significant difference in 
the microhemorrhage density in the treated hemisphere (mean, 0.014 mm2 ± 0.006) compared 
with the untreated hemisphere (mean, 0.013 mm2 ± 0.007; P = .26; n = 13). Minimal visualized 
microhemorrhage in the untreated contralateral cerebral hemisphere likely represents artifactual red 
blood cell extravasation during perfusion, tissue handling, and fixation.
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changes in plasma biomarker levels from their baseline after 
sonication can be used to directly estimate focused ultrasound–
induced release of brain-derived biomarkers from the targeted 
area in the brain.

The observed microhemorrhage (Fig 3A) can be minimized 
by lowering the peak negative pressure (Fig 3C) while still 

achieving sonobiopsy-induced biomarker 
release (Fig 2G). Although the higher peak 
negative pressure increases the efficacy of 
sonobiopsy (14,28), the efficacy likely var-
ies depending on the biomarker molecular 
properties, including sizes and the kinetics 
of biomarker influx into and clearance from 
the plasma (18). For example, sonobiopsy 
at 0.40 and 0.68 MPa successfully increased 
plasma levels of the protein biomarkers 
tau and NfL, which have circulation half-
lives of approximately 10 hours and several 
weeks, respectively (29). We expect that a 
balance between the safety and efficacy of 
sonobiopsy can be achieved by optimizing 
the focused ultrasound parameters, target 
volume, and plasma sampling times for 
the biomarker of interest and the targeted 
tissue. A thorough investigation of the re-
lationship between focused ultrasound pa-
rameters and the released biomarker proper-
ties is warranted in future work.

Although sonobiopsy was effective when 
targeting specific brain regions (ie, the hip-
pocampus or the olfactory cerebral cortex), 
there was no significant difference in NfL 

levels between these specific brain regions. This may be ex-
plained by early neurodegenerative changes in both targeted 
areas in PS19 mice (19,23). Future studies that use a negative 
control design to target brain areas that are resilient to neuro-
degeneration are necessary to further examine spatial specificity 
of sonobiopsy.

Figure 4:  Implications of sonobiopsy in clinical settings. 
(A) By opening the blood-brain barrier (BBB) and releasing 
proteins from the brain into the circulation, sonobiopsy can 
enrich plasma with brain-derived pathologic protein species. 
By simply collecting blood samples before and after sonica-
tions, sonobiopsy enables temporally controlled liquid biopsy 
and detection of changes in circulating pathologic protein 
species and other biomarkers after focused ultrasound. 
(B) Sonobiopsy can allow spatially resolved liquid biopsy. 
This can, in turn, be used for targeted BBB opening in brain 
areas with high protein deposits on molecular imaging (eg, 
tau or amyloid PET imaging). Sonobiopsy of these brain 
areas could shed light on the dominant pathogenic subtypes 
in heavily involved brain areas. In addition, the release of 
abnormal specific protein species can be colocalized to the 
brain regions showing the greatest metabolic, structural, or 
microstructural deficits. This can help identify the main culprits 
in pathogenesis of various neurodegenerative disorders. 
(C) Sonobiopsy can be readily integrated into focused 
ultrasound–induced BBB opening clinical trials to allow moni-
toring of treatment response by assessing changes in brain-
derived pathogenic proteins. BBB = blood-brain barrier, 
BM = biomarker concentration in plasma, CNS = central 
nervous system, FUS = focused ultrasound.
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This proof-of-concept feasibility study had several limita-
tions. First, this study showed that sonobiopsy could result in 
a quantitative increase in the normalized p-tau levels. Future 
studies are needed to examine the qualitative effects of sonobi-
opsy on plasma biomarkers with an in-depth analysis of post-
translational modifications, size distribution, and oligomeriza-
tion. Second, while this study showed that sonobiopsy could be 
successfully performed with relatively low focused ultrasound 
acoustic pressures (0.40 MPa) in the mouse model, we did not 
perform a comprehensive optimization study to characterize 
the effects of focused ultrasound parameters and determine the 
optimal blood collection time. While these effects have been 
described in different settings and macromolecules (RNA or 
DNA) (14,18), it is conceivable that the dynamics and kinet-
ics of sonobiopsy would be different for protein biomarkers. 
Future studies can use cavitation monitoring (30), quantita-
tive BBB permeability assessment with dynamic contrast-en-
hanced MRI (31), and long-term behavioral analysis to opti-
mize the focused ultrasound parameters for safe and effective 
sonobiopsy. Third, in this study, we did not include focused 
ultrasound–only or microbubble-only control groups. Lastly, 
this study focused on proteins with relatively small molecular 
weights (48–68 kDa). Future studies are needed to determine 
the generalizability of sonobiopsy in releasing larger brain-de-
rived protein biomarkers.

Our findings and potential translatability of sonobiopsy 
should be interpreted and assessed with caution, given the vast 
differences in brain anatomy and skull thickness between mice 
and humans. However, recent MRI-guided focused ultrasound 
studies have shown the safety of BBB opening in patients with 
neurodegenerative disorders such as Alzheimer disease (32,33) 
and large-volume BBB disruption in patients with glioblastoma 
(34). Apart from enhancing liquid biopsy by increasing plasma 
levels of various biomarkers, our proof-of-principle study has 
important translational implications (Fig 4). First, sonobiopsy 
can release brain-derived subtypes of abnormal protein species 
into the bloodstream. By allowing temporally controlled liq-
uid biopsy, changes in biomarker levels (from baseline levels) 
can provide a window into the molecular derangements in the 
central nervous system milieu. Second, the spatial resolution 
of sonobiopsy can be leveraged to colocalize the biomarkers 
released by sonobiopsy with nonspecific imaging biomarkers 
of neurodegeneration, such as decreased metabolism or tis-
sue microstructural deficits. Further, sonobiopsy can combine 
the spatial resolution of PET radiotracers with the molecular 
resolution of fluid biomarkers. For instance, sonobiopsy can be 
used to probe the individual patterns of tau phosphorylation as 
well as the secondary neurodegenerative effects of tauopathy by 
targeting the brain areas with a high burden of tau deposits on 
tau PET images. Third, repeated sonobiopsy before and after 
treatment can be used in the clinic to perform temporally con-
trolled liquid biopsy to monitor treatment response.

In conclusion, this study showed the feasibility and safety 
of sonobiopsy to enhance the detection of both biomarkers of 
the primary pathogenic process (eg, posttranslational modifi-
cations of the tau protein) and secondary neurodegeneration. 
This proof-of-principle study was the first to open the door for 

noninvasive and spatially targeted diagnosis and monitoring of 
neurodegenerative disorders with sonobiopsy.
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