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Abstract 

Alzheimer’s disease (AD) causes severe cognitive dysfunction and has long been studied for 

the underlining physiological and pathological mechanisms. Several biomedical imaging 

modalities have been applied, including MRI, PET, and high-resolution optical microscopy, for 

research purposes. However, there is still a strong need for imaging tools that can provide 

high spatiotemporal resolutions with relatively deep penetration to enhance our 

understanding of AD pathology and monitor treatment progress in fundamental research. 

Photoacoustic (PA) imaging and ultrasound (US) imaging can potentially address these unmet 

needs in AD research. PA imaging provides functional information with endogenous and/or 

exogenous contrast, while US imaging provides structural information. Recent studies have 

demonstrated the ability to monitor physiological parameters in small-animal brains with PA 

and US imaging as well as the feasibility of using US imaging as a therapeutic tool for AD. This 
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concise review aims to introduce recent advances in AD research using PA and US imaging, 

provide the fundamentals, and discuss the potentials and challenges for future advances. 
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1. Introduction 

Alzheimer's disease (AD) is a chronic and deadly neurodegenerative disease that causes 60–70% 

of cases of dementia. An estimated 5.8 million Americans of all ages suffered from Alzheimer’s 

dementia in 2019, and as the population ages, the number is projected to reach 8.5 million *1+. The 

deposition of senile plaques and the formation of neurofibrillary tangles are the two 

pathognomonic, histopathological findings found in AD *2-4+. Senile plaques consist of a central 

core of amyloid-β (Aβ), a 4-kD peptide, surrounded by abnormally configured neuronal processes 

or neurites. Though debatable, the amyloid cascade hypothesis suggests that the aggregation of 

misfolded Aβ forms insoluble plaques *5+. The neurofibrillary tangle consists of an abnormal 

accumulation of aberrantly phosphorylated tau within the perikaryal cytoplasm of certain neurons 

*6+. The loss of synaptic components significantly impacts cognitive function, which represents 

another morphological alteration *6+. The classification of AD has been divided into three phases 

*7, 8+. In the presymptomatic phase, the patient is cognitively normal but with evidence of amyloid 

deposition and/or neuropathological changes. As the deposition and neurodegeneration worsen, 

the patient progresses through the symptomatic prodromal phase, which is characterized by 

amnestic mild cognitive impairment (MCI). In the third phase, widespread cognitive deficits in 

multiple domains occur and interfere with the patient’s daily living activities, indicating that the 

disability threshold is reached and traditional diagnostic criteria for probable AD are met. However, 

it is often difficult to distinguish between AD, especially at its early stage, and nor mal aging due to 

similarities in pathology and cognitive decline *9+. In addition, it is common for AD to coexist with 

other brain disease processes such as infarction or Parkinson’s disease-related lesions *10+.  

Several medical imaging approaches have been used not only to diagnose early stage AD but 

also to better understand AD pathology, including magnetic resonance imaging (MRI), positron 

emission tomography (PET), and high-resolution optical methods. The detection of AD is achieved 

either through direct imaging of biomarkers such as Aβ and phosphorylated tau with the aid of 

exogenous contrast agents or through indirect identification of characteristic structural and 

functional cerebral alterations. Atrophy is a precursor of progression from MCI to AD, which allows 

structural MRI to be used for AD diagnosis by estimating tissue damage or loss in characteristically 

vulnerable brain regions such as hippocampus and entorhinal cortex.  

In addition to structural brain atrophy, cerebrovascular function is profoundly altered due to 

reduction in cerebral microvessels, flattening of endothelial cells, and degeneration of smooth 

muscle cells *11+. In AD, resting cerebral blood flow (CBF) is reduced and an activation -induced 

increase in CBF is attenuated. These abnormalities can be detected with functional MRI (fMRI), 

which can measure local blood volume (perfusion MRI) and blood oxygen-level dependent (BOLD) 

signals. Perfusion MRI is used less frequently due to its low sensitivity. BOLD fMRI relies on the 
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magnetization difference between oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin 

(HbR), has a relatively high spatial resolution (approximately 1-10 mm), and has an imaging 

acquisition speed that ranges from several seconds to hundreds of milliseconds (echo-volumar 

imaging) depending the type of excitation and acquisition sequence *12, 13+. BOLD fMRI is further 

applied in clinical settings in two ways: task-based fMRI and resting-state fMRI. The former studies 

the patterns of activation or deactivation of a subject during the performance of repeated tasks. 

However, due to an extensive participation requirement that may be difficult for AD patients, 

resting-state fMRI, which studies spontaneous low-frequency fluctuation in BOLD signals *14+, has 

recently become more utilized. Nevertheless, MRI is expensive and has low mobility. Even with 

high-resolution fMRI, it is difficult to visualize individual brain vessels. 

PET also plays a leading role in the early detection of AD. PET employs 2-*18F+-fluoro-e-deoxy-D-

glucose (FDG) to measure synaptic functions and density by providing quantitative or qualitative 

estimates of the cerebral metabolic rate of glucose (CMRglc) *15-17+. Though FDG-PET is highly 

sensitive, it lacks disease specificity as a reduction in CMRglc is also found in many other 

dementias. To overcome this limitation, Aβ PET radiotracers such as Pittsburgh Compound B (PIB) 

and 2-(1-96-(2-18F-fluoroethyl)(methyl)amino)2-naphthyl)ethyldene) malononitrile (18F-FDDNP) are 

used to improve diagnostic specificity and accuracy *18, 19+. The major limitations of PET are its 

ionizing radiation, low temporal resolution (5-10 seconds for clinical dynamic PET), and high 

system/scan cost *20, 21+.  

High-resolution optical methods such as optical coherence tomography (OCT) and two -photon 

microscopy (TPM) have also been explored in AD studies and diagnostics. Clinical records and 

histologic studies show strong evidence of anterior visual path impairment in AD patients. By 

measuring peripapillary retinal nerve fiber layer thickness, macular thickness, and other retinal 

parameters, OCT can be used to distinguish AD from normal aging *22, 23+. TPM can provide direct 

imaging of Aβ with high resolution, yet its penetration is bound by the optical diffusion limit (~ 1 

mm), thus limiting its application to small animal studies *24, 25+.  

Great advancements have occurred in AD diagnostics and research with the support of the 

aforementioned biomedical imaging modalities, but major challenges remain unsolved. 

Photoacoustic (PA) imaging and ultrasound (US) imaging are two modalities that have relatively 

high device portability and zero ionizing radiation as well as relatively high spatiotemporal 

resolution and deep penetration (several centimeters) *26, 27+. In this review paper, we will 

introduce the imaging formation principles of PA and US imaging, describe the recent 

developments and applications for AD research, diagnosis, and treatment, and discuss the 

potential to combine PA and US modalities for future AD applications.  

1.1 Photoacoustic Imaging  

PA imaging, a hybrid imaging modality that combines light and sound, can bridge the resolution 

and penetration depth gaps in brain imaging *26+. In PA imaging, pulsed laser light illuminates the 

target, and the incident photons are subsequently absorbed by the chromophores in the target, 

leading to a transient increase in temperature. The local temperature rise induces a local pressure 

increase, resulting in the emission of broadband (approximately tens of MHz), low-amplitude 

(typically less than 10 kPa) ultrasonic waves *26+. As acoustic waves generally undergo less 

scattering and attenuation in soft tissues than light, PA imaging can form high -resolution images in 
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both ballistic and diffusive regimes *27+. Its high-resolution, label-free imaging nature provides PA 

imaging with great utility in the study of neurovascular coupling, which refers to the relationship 

between neuronal activity and hemodynamics *28+. 

2. Configurations of Conventional Photoacoustic Imaging Systems 

Based on the configurations of optical illumination and ultrasonic detection, PA imaging can be 

further classified into two major types: photoacoustic microscopy (PAM) and photoacoustic 

computed tomography (PACT). PAM uses tightly or weakly focused light for excitation and a 

focused single-element ultrasonic transducer for direct image formation through point by point 

scanning *29, 30+. PAM can provide spatial resolution ranging from sub-micrometer to sub-

millimeter with a maximum penetration ranging from a few hundred micrometers to a few 

millimeters *30+. PAM can be further classified into optical-resolution PAM (OR-PAM) and 

acoustical-resolution PAM (AR-PAM). In OR-PAM, the light is tightly focused and the light spot is 

smaller than the ultrasonic focus. The transverse resolution, therefore, is determined by the light 

focal spot size, and the penetration is limited to ~1 mm in soft tissue *31+. In AR-PAM, the light is 

loosely focused and ultrasonic detection is tightly focused; therefore, relatively high resolution can 

be achieved within the quasidiffusive regime (a few optical transport mean free paths) *31, 32+. In 

PACT, homogenized illumination is provided to the entire region of interest in the diffusive regime, 

and the generated ultrasonic signals are acquired by an ultrasonic transducer array and then 

reconstructed to form the image by an inverse algorithm *29+. The spatial resolution of PACT is 

mainly limited by the acoustic diffraction limit as well as the directionality of the detector 

elements *33+. Currently, for small animal brain imaging, a full-ring transducer array with a low 

central frequency (5 MHz) or a linear transducer array with a high central frequency (21 MHz) is 

used to provide spatial resolution ranging from tens of micrometers to sub -millimeters *34-36+. 

Hence, with different system configurations, PAM has been mainly utilized for high spatial-

resolution imaging in the cortex region, and PACT has been applied for deep brain imaging with 

compromised spatial resolutions (Figure 1).  

 

Figure 1 Schematics for various photoacoustic imaging systems. (A) Reflection-mode 

OR-PAM system with an optical-acoustic combiner that transmits light and reflects 

sound. SOL, silicone oil layer; UT, ultrasonic transducer. (B) Dark-field AR-PAM system 

with excitation light only weakly focused. (C) PACT system with a full-ring transducer 

and widefield illumination from top. UTA, ultrasonic transducer array *37+.  
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A wide variety of endogenous and exogenous chromophores have been used in PAI for 

structural, functional, and molecular imaging. Among all endogenous chromophores, hemoglobin 

is one of the most commonly used due to the strong optical absorption of both oxygenated 

hemoglobin (HbO2) and deoxygenated hemoglobin (HbR) at wavelengths in the visible and near-

infrared spectral range *26, 29+. Such strong absorption allows PAI to not only visualize blood-

perfused vasculature with high contrast but also estimate blood oxygenation (sO2), which is 

defined as: 

𝑠𝑂2 =
𝐶𝐻𝑏𝑂2

𝐶𝐻𝑏𝑂2
+ 𝐶𝐻𝑏𝑅 

× 100% 

where CHbO2 and CHbR stand for concentration of HbO2 and HbR respectively. In PAI, sO2 

measurement is achieved through multispectral imaging, where laser excitation is provided at 

multiple wavelengths and CHbO2 and CHbR are estimated using different methods *38+. sO2 normally 

ranges from 95% to 100% in arteries and from 60% to 80% in veins *39+. However, some disease 

processes may alter the balance of oxygen delivery and consumption and thus change the sO2. 

Therefore, multispectral PAI of sO2 has potential use in disease screening, diagnosis, and therapy 

monitoring.  

The differences between PA imaging and BOLD fMRI, both of which have signals relevant to 

blood oxygenation, are noteworthy. The contrast for BOLD fMRI, fundamentally different from that 

of PA imaging, arises from the change in the local ‘magnetic susceptibility’; HbO 2 is diamagnetic 

and HbR is paramagnetic. The deoxygenation of blood increases the magnetic susceptibility of 

blood vessels relative to surrounding brain tissue, leading to a signal loss around the blood vessel, 

and vice versa *40, 41+. Therefore, BOLD signals are sensitive only to HbO2. Moreover, BOLD fMRI 

has intrinsically low signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) and thus requires 

repetitive stimuli in order to decrease variance in the BOLD signals *40+. In contrast, as HbO2 and 

HbR have absorption coefficients that are at least 100 times higher than other endogenous 

absorbers at visible and near-infrared wavelengths, PAI has much better SNR and CNR than BOLD 

fMRI and allows more direct measurement of relative concentrations of both HbO 2 and HbR. 

3. Photoacoustic Imaging in AD 

Hu et al. used OR-PAM to image amyloid plaques in AD mice models (Figure 2A) *42+. Congo red 

dye was injected through cisterna magna into APP/PS1 mice to label Aβ. An open-skull cranial 

window was created, and dual-wavelength OR-PAM images were acquired at 570 nm and 523 nm 

to differentiate between hemoglobin and Congo red-labeled amyloid plaques. The absorption 

coefficient of Congo red at 523 nm is approximately six times higher than at 570 nm, and for 

hemoglobin the absorption coefficients only differ 1.4-fold *43+. The optical coefficients HbO2 and 

HbR are nearly equal at both wavelengths, and thus the blood PA signals reflect the total 

hemoglobin concentration regardless of the blood oxygenation level. In addition to OR-PAM 

imaging, multiphoton microscopy was used to acquire fluorescent images of the same region for 

comparison and validation of the plaque imaging capability of OR-PAM (Figure 2B and 2C). The 

acquired PA image at 523 nm was first linearly scaled to equalize the blood vessel signal taken at 

570 nm and then subtracted pixel-wise to eliminate the blood signal and isolate the Congo red-

labeled plaques (Figure 2D-F). A few small plaques were not directly detected by the OR-PAM 

system due to limited SNR, non-optimized excitation wavelength for Congo red, and interference 
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from strong blood absorption. However, as proposed by Hu et al., the problem can be partially 

addressed by changing one optical wavelength to 500-510 nm, which is the absorption peak of 

Congo red and a local absorption minimum of hemoglobin *42+. 

 

Figure 2 In vivo brain imaging of a Congo red-injected 10-month-old APP/PSI mouse 

through a cranial window. (A) System schematic of the optical-resolution photoacoustic 

microscope for amyloid plaque imaging. (B) Conventional fluorescence microscopy 

imaging of exposed cortical region through the cranial window. The region of interest is 

labeled with a red-dashed box. (C) Multiphoton microscopy image of the region of 

interest; excitation at 800 nm. (D) OR-PAM image at 523 nm. (E) OR-PAM image at 570 

nm. (F) Processed and labeled OR-PAM image (plaques colored green, blood vessels 

colored red). Arrows indicate plaques. (reproduced from *42+, OSA publishing, all rights 

reserved) 

PACT has been used in combination with perfusion MRI to demonstrate the cortical hypofusion 

and reduced cerebral metabolic rate of oxygen (CMRO2) in the arcAβ mouse model *44+. 

Quantification of the oxygen saturation (sO2) and brain oxygen extraction fraction (OEF), together 

with measured CBF from perfusion MRI, allows the elucidation of brain functional physiology and 

thus the study of neurological disorders *45+. In their PACT imaging study, Ni et al. used five 

wavelengths (715, 730, 760, 800, and 850 nm) to estimate arterial oxygenation saturation (s aO2) in 

the middle cerebral arterial (MCA), venous oxygen saturation (s vO2) in the superior sagittal sinus 

(SSS), and cortical vessel oxygenation as an approximation for cortical tissue oxygenation (s tO2) 

*44+. PA imaging and perfusion MRI images were acquired on wild-type and transgenic arcAβ mice 

at 6- and 24-mo old. A linear unmixing algorithm was applied to the acquired PA data at all five 

wavelengths to resolve signals from HbO2 and HbR. Subsequently, saO2, svO2, stO2 were calculated 

and the OEF values were obtained as  

OEF = 
    𝑂2      𝑂2 

   𝑂2
. 

The hyperoxia induced change in tissue oxygenation was defined as  



OBM Neurobiology 2020; 4(2), doi:10.21926/obm.neurobiol .2002056 

 

Page 7/21 

     2 =               2
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  -             2

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ . 

Based on Fick’s principle, CMRO2 can be derived from arteriovenous oxygen gradient with the 

formula  

𝐶  𝑂2 = 𝐶      𝑂2     𝑂2   𝐶 ,   

where Ca is a constant representing the maximal amount of oxygen-carrying capacity of a unit 

volume of blood at a hematocrit of 0.44. In a comparison of the calculated OEF or CMRO 2 in young 

vs aged wild-type mice, no statistical differences were observed. However, CMRO2 was significantly 

lower in aged arcAβ mice (vs young). Amyloid plaque deposition and vascular amyloid pathology 

were widely observed in aged but not young wild-type and arcAβ mice, indicating that the reduced 

CMRO2 in the aged arcAβ mice is not simply the result of aging but is instead related to the 

advanced amyloid pathology (Figure 3) *46, 47+. 

 

Figure 3 Perfusion MRI and PACT images of young and aged wild-type and arcAβ mice. 

(A) Anatomical position of the coronal plane imaged by perfusion MRI from the sagittal 

view. Cortex is labeled red and thalamus is labeled blue. (B) Representative coronal 

cerebral blood flow (CBF) maps. (C) Reduced CBF in cortex is observed in aged arcAβ 

mice compared to aged wild-type mice. (D) Coronal view of SO2 maps. The coronal 

plane was approximately at Bregma -1.5 ± 0.3 mm. White arrow indicates the middle 

cerebral artery (MCA) and superior sagittal sinus (SSS). (E, F) Quantification of brain 

oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO 2). OEF 

does not significantly differ among the four groups. However, CMRO2 is lower in aged 

arcAβ mice compared to both aged wild-type and young arcAβ mice. All statistical 

results are mean ± standard deviation with p<0.05, one-way ANOVA with post-hoc 

Bonferroni correction for multiple comparison. (reproduced from *44+, Photoacoustics, 

all rights reserved) 
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4. Photoacoustic Probes for AD 

Recent efforts have been made to identify probes that can be used in PAI to visualize AD. Park et 

al. have demonstrated the application of the CDnir7 probe in multispectral PACT imaging of AD 

mouse brain *48+. CDnir7 was previously developed to target macrophages and used to image 

mouse inflammation with IVIS imaging and fluorescence molecular tomography (FMT) *49+. The 

accumulation of microglia and macrophages induces chronic inflammation, which occurs before 

visible symptoms of AD such as Aβ plaque formation, progress cognitive decline, and irreversible 

memory loss *50+. Therefore, CDnir7 probes were used to target inflammation regions in the brain 

and distinguish AD brain from healthy brain. CDnir7 was injected through the tail veins of five AD 

mice (13- and15-mo old). PA images were acquired at five wavelengths (715, 730, 760, 800, and 

850 nm), and the reconstructed images were linearly unmixed on a per-pixel base to differentiate 

the spectral signature of CDnir7, HbO2, and HbR. Compared to healthy brain, AD brain exhibited 

higher intensities at the cortex from 20 min post-injection onward and reached a maximum AD -to-

control difference at 30 min post-injection (Figure 4). However, the CDnir7 photoacoustic signal 

remained at the same intensity at the SSS for both healthy and AD brains within the first hour post-

injection. In addition, the PA signal of total hemoglobin in the cortex region remained higher in the 

healthy brain (vs AD brain) within 1 h post-injection. This experiment confirmed the high specificity 

of CDnir7 for targeting cortical regions in the AD brain and its potential to distinguish AD brains 

from healthy brains in clinical settings. 

 

Figure 4 PAI of CDnir7 localization in the mouse brain. (A) Chemical structure of CDnir7. 

(B) PA signal of CDnir7 at various time points for both AD and healthy brain. (C) PA 

signal of CDnir7 in the cortex of both AD and healthy brain as a function of time. From 

20 min post-injection onward, a stronger PA signal was observed in the cortex of AD 

brain. In contrast, the PA signal at SSS remained similar in both AD and healthy brain 

during the entire experiment. (D) PA signal of total hemoglobin in AD and healthy 

brain. No high signals in the cortex area in AD brain were observed during the course of 

the experiment. (reproduced from *48+, Scientific Reports, all rights reserved) 
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Instead of using existing dyes that are designed for fluorescence imaging, Wang et al. have 

developed an activatable PA probe for the visualization of Cu2+ in AD mice *51+. Copper is the third 

most abundant trace metal in the human body and plays a vital role in both physiological and 

pathological activity. Studies have shown that, in mouse AD model, the relocation of copper from 

intracellular to extracellular space and from bound to free pools presents in serum or in Aβ 

deposits. The Cu2+ enrichment in the brain is closely related to AD pathogenesis *52+. Based on 

these pathological events and the structure of AD drugs, an activatable PA probe, RPS1, was 

designed. The probe has a molecular weight of <438 Da and can effectively cross the blood-brain-

barrier (BBB) with specific near-infrared (NIR) PA detection (Figure 5A). Upon chelation with Cu2+, 

the RPS1 probe becomes RPS1-Cu and generates strong PA signals at ~710 nm; beyond this 

wavelength, the PA signal is dampened (Figure 5B). RPS1 was injected via tail vein into both 

wild-type and AD mice, and the coronal plane of the mouse brain was imaged with PACT at 750 nm 

(Figure 5C). The PA images show that strong signals from the probe were widely distributed across 

the brain in AD mice with minimal signals observed in healthy brain or AD brain injected with PBS 

(Figure 5D). 

 

Figure 5 PAI of RPS1 probe in the mouse brain. (A) Chemical structure of RPS1. (B) PA 

spectra of RPS1 and RPS1-Cu from 680 to 970 nm. The RPS1-Cu has an excitation peak 

at 710 nm. (C) PA images of AD and healthy mouse brain. The brain images of AD mice 

show strong PA signals from RPS1 in the cortex region. Weak PA signals observed in 

normal mice injected with RPS1 and AD mice injected with PBS were likely due to 

hemoglobin. (D) Within the region of interest, the PA signal from AD mice injected with 

RPS1 was approximately 9-fold stronger than those of the other two groups. 

(reproduced from *51+, Angewandte Chemie, all rights reserved) 

4.1 Ultrasound Imaging 

Ultrasound (US) imaging derives contrast from the echogenicity and differing mechanical 

properties of the tissue and can reveal structural information up to tens of centimeters. With 

specially designed pulse transmission sequence and processing algorithms, US imaging can provide 

high-resolution in vivo transcranial imaging of rats *53, 54+. In addition, focused US with 

microbubble contrast agents has been intensively studied for the opening of the blood-brain 

barrier (BBB) and may become a promising therapeutic method for AD *55+.  
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4.2 Diagnostic Ultrasound Imaging 

Conventional US imaging has been used for more than 40 years to provide visualization of tissue 

morphology and blood flow imaging. Due to its low frame rate (up to 50 fps), the observation of 

rapid dynamic responses of biological tissues is not feasible. In the last decade, US has gained new 

capabilities following the implementation of ultrafast plane wave imaging technology (i.e., 

temporal resolution can approach 10,000 fps), which enables the visualization of transient shear 

wave propagation for elasticity imaging *56+. Quantitative assessment of the elastic properties of 

the brain is relevant in the diagnosis of many neurological diseases, including AD *57+. A pioneer 

study of in vivo mapping of brain elasticity in small animals has been done by Mace et al., 

suggesting that this technology can help elucidate the mechanisms of development of 

neurodegenerative diseases *58+. To improve imaging resolution, Lay et al. recently characterized 

brain elasticity in age-related mice model using high frequency (40 MHz) ultrasound elastography 

(HFUSE) *59+. In a study of mice brains aged 4 - 11 months, a softer elastic modulus was observed 

in both cortex and hippocampus in the older mice (Figure 6). Within the same age group, the 

significant stiffness difference between hippocampus and cortex is possibly due to their 

composition - i.e., the concentrations of protein, lipid, and glycosaminoglycan *60+. The stiffness of 

brain tissue can potentially become another diagnostic parameter of AD, as suggested by Murphy 

et al. Brain tissue of AD patients generally has reduced stiffness, which may be due to 

microstructural events that destroy normal cytoarchitectural integrity such as degradation of the 

extracellular matrix due to the deposition of Aβ, cytoskeletal disruption due to tau 

hyperphosphorylation, and the loss of interconnecting synaptic networks *57, 61+. In addition to 

the observation of biomechanical changes, the implementation of the plane wave imaging 

technology can visualize the transient changes in blood volume by orders of magnitude through 

enhanced Doppler sensitivity and is able to provide functional information in neuroimaging *62, 

63+. 

 

Figure 6 Typical B-mode images and their corresponding high-frequency US 

elastography (HFUSE) images for 4-month-old and 11-month-old mice. The 

hippocampus and cortex regions were identified in the B -mode image and are denoted 

by yellow and red lines, respectively. (reproduced from *59+, IEEE, all rights reserved) 

Continuous neuronal activity gives rise to functional coupling between different regions of the 

brain. As neurological and psychiatric diseases involve the disruption of large-scale functional 
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changes, an investigation of intrinsic network connectivity is of great interest for better 

understanding of AD. Osmanski et al. launched a pioneer study on mapping the intrinsic 

connectivity in the living animal with high spatiotemporal resolution using a 15 MHz linear array 

transducer *64+. To reduce the acoustic attenuation caused by the skull, rat brain imaging was 

performed with a large thinned-skull imaging window. Based on the cerebral microvascular 

hemodynamics of the rat brain, functional US imaging is able to provide functional connectivity 

mapping with unprecedented resolution and sensitivity (Figure 7).  

 

Figure 7 Correlation matrices of the functional connectivity. (A, C) Matrices at Bregma 

+0.84 mm and (B, D) matrices at Bregma −2.16 mm. (reproduced from *64+, NPG group, 

all rights reserved) 

Recent progress on the visualization of brain vasculature in AD mice was achieved by Li et al. 

using a high-frequency US transducer (40 MHz) to evaluate cerebrovascular density *65+. Without 

any contrast microbubbles, a spatial resolution of 48 µm was achieved, which is the best to date. 

The results indicate that both cortical and hippocampal vessel densities are similar in young and 

middle-aged control mice. However, middle-aged mice with AD have a significantly lower vessel 

density (vs middle-aged, nongenetically-modified WT mice), especially in the hippocampus (Figure 

8). It is notable that super-resolution US imaging of microvessels (through the localization of 

spatially isolated microbubbles and formation of fine -scale brain vascular network) will advance 

functional neuroimaging even further *53+.  
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Figure 8 A comparison of vessel density between control WT mice and AD mice. (A) B 

mode structure of the brain. The image size is 3 mm × 7 mm. (B) The corresponding 

power Doppler image. (C) Directional flow images. (reproduced from *65+, IEEE, all 

rights reserved) 

4.3 Therapeutic Ultrasound 

US imaging is not only useful as a diagnostic modality but may also represent a therapeutic 

avenue. Several labs have studied the application of focused ultrasound to open the BBB in the 

treatment of Alzheimer’s-related plaques. Jordan et al. were the first to report the delivery of anti-

Aβ antibodies (e.g., BAM-10) to the AD mouse brain using MRI-guided transcranial focused US [66]. 

The interaction of burst low-frequency US exposure (0.558 MHz center frequency, 10 ms 

bursts/Hz, 120 s, 0.3 MPa) with injected microbubbles results in transient disruption of the BBB. 

The extent of disruption of the BBB was monitored with 3.0T MRI. BAM-10 bound to plaques very 

quickly and remained associated with plaques for at least four days. These results highlight that a 

single US treatment with low-dose antibodies can successfully reduce the pathology of compact 

plaques. 

Leinenga et al. used a focused US strategy to remove plaque without the need for a therapeutic 

agent such as an anti-Aβ antibody (Figure 9) *67+. In their study, a relatively short scanning US was 

implemented. Specifically, US waves were delivered using a 1 MHz transducer under a 0.7 MPa 

peak rarefactional pressure with a 10 Hz pulse repetition frequency, 10% duty cycle, and 6-s 

sonication time per spot. As a result, compared to sham-treated mice, 75% of ultrasound-treated 

AD mice had a reduced plaque burden. In addition, US-treated mice exhibited improved 

performance for three memory tasks: the Y-maze, the novel object recognition test, and the active 

place avoidance task. Building upon the preclinical data that suggested the feasibility of focused US 

to reduce Aβ and tau phosphorylation with subsequent improvements in cognition, Lipsman et al. 

successfully applied MR-guided focused US in combination with intravenously injected 
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microbubbles to open a focal area of the BBB in five early or moderate AD patients *68+. In their 

study, the focused US had a center frequency of 220 kHz, burst duration of 300 ms (duty cycle: 

0.74%), and burst interval of 2.7s. These studies suggest that low-frequency, low-power, focused 

US waves can serve as an early-stage, non-invasive, therapeutic technology to reduce the number 

of plaques and potentially improve cognition in AD patients. The precise and accurate localization 

of ultrasonic energy to deep subcortical and cortical targets of AD brains, without damag e to 

surrounding normal tissues, still needs future investigation. 

 

Figure 9 Establishing repeated scanning ultrasound (SUS) in an AD mouse model. (A) 

Simplified system schematics. (B) Evans blue dye was injected as an indicator. In 

response to US treatment, the single-entry point reveals a focal opening of the BBB. (C) 

Odyssey fluorescence LI-COR scan of brain slices, showing widespread opening of the 

BBB 1 hour after SUS. (D) Simplified schematic for treatment and analysis. (E) The 

sequence of arm entries in the Y-maze was used to obtain a measure of alternation, 

reflecting spatial working memory. US treated mice exhibited improved performance 

for three memory tasks: the Y-maze, the novel object recognition test, and the active 

place avoidance task. (F) Total number of arm entries did not differ between groups. 

(reproduced from *67+, AAAS, all rights reserved) 

In addition to the aforementioned therapeutic capabilities of focused US, intensity focused US 

has rapidly gained momentum on neuromodulating, including modulating regional brain activities 
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and promoting the neurogenesis *69-71+. There is increasing evidence to support a close 

relationship between the common symptoms of AD (cognitive deficits, difficulty learning, and 

memory loss) and impairment neurogenesis *72+. In 2014, Scarcelli et al. hypothesized that 

focused US targeting the hippocampus could stimulate neurogenesis *73+. Although the 

mechanisms of focused US-induced hippocampal neurogenesis have not been fully elucidated, the 

experimental results have demonstrated improved behavior in AD mice following treatment. As a 

new method for non-invasive brain stimulation, US-based brain stimulation for treating AD is a 

very active research area. 

5. Conclusion & Discussion 

In this concise review, we summarized recent developments in PA and US imaging for AD 

research. PA imaging has shown great potential for detecting AD either through direct imaging of 

labeled Aβ or by monitoring of physiological parameters such as cerebral blood oxygenation and 

brain oxygen extraction fraction. A variety of contrast agents, including CDnir7 and R PS1, have also 

been explored to target different biomarkers potentially correlated with AD *42, 48, 51+. US 

imaging has value not only as a diagnostic tool for functional brain imaging but also as a 

therapeutic tool for drug delivery and plaque reduction. Cerebral microvascular hemodynamics 

can be readily measured by functional US imaging with a high spatiotemporal resolution, and brain 

elasticities have been characterized in several animal models *59, 65, 66+. In addition to its 

diagnostic abilities, focused US waves in combination with microbubbles can facilitate BBB opening 

and the subsequent delivery of drugs that target AD-related plaques.  

More importantly, as both modalities detect acoustic signals, PA imaging is inherently 

compatible with US imaging and can be readily incorporated into commercial US systems. While 

US imaging generally provides structural information, PA imaging readily provides high-contrast 

functional and molecular information. Many studies have been done using combined PA and US 

imaging for cancer detection and surgical guidance *74-81+. Some recent work also combines PA 

and US imaging for brain imaging and therapeutic guidance. Wang et al. quantitatively monitored 

fUS-induced BBB opening in a rat model in vivo with PAM and gold nanorods as the PA contrast 

agent *82+. The PAM images can successfully reveal the spatial distribution and temporal response 

of the BBB disruption area. Similarly, Hartman et al. used PA imaging to image gold nanorods in the 

brain delivered via microbubble-assisted fUS *83+. Multifunctional contrast agents for PA and US 

imaging, such as encapsulated-ink poly(lactic-coglycolic acid) microbubbles and nanobubbles, 

methylene blue microbubbles, and copper sulfide nanoparticles, have been developed *84-86+. A 

combined PA and US imaging system can provide a highly comprehensive picture of the structures 

and functions of the AD brain and therefore enable improved diagnostics and treatments for AD 

patients.  

Nevertheless, the skull persists as one of the major challenges for transcranial PA and US 

imaging of deep brain due to its aberration and attenuation on acoustic waves. Several solutions to 

overcome the skull’s obstacles have already been explored for both small animal and human brain 

imaging. In small animal transcranial imaging, an animal’s skull was removed before acute 

experiments *63+. For chronic imaging, the skull was either thinned or replaced by an acoustic 

window made of a high ultrasonic transmission material such as polymethylpentene *54, 87, 88+. 

Non-invasive small animal US imaging can be achieved with the skull intact if the animal is young 
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(before 35th postnatal day) or with an US contrast agent such as microbubbles *70+. For human 

preclinical applications, US imaging has proved its ability to provide deep, functional cortical 

mapping during craniotomy (e.g., glioma surgery). Natural anatomic windows such as temporal 

windows have been utilized for non-invasive US imaging of adult brains. For neonates specifically, 

the fontanel window has been used for US imaging *89-91+. For transcranial therapy, CT was used 

to determine the shape and location of the skull for correcting the US aberration *92+.  

The aforementioned solutions can be applied to US and PA imaging to address the skull’s 

attenuation and aberration of acoustic waves, but PAI faces an addition major challenge: light 

delivery to the deep target. PA imaging relies on pulsed illumination of the target; because the 

brain has strong optical scattering, this results in insufficient optical fluence delivered to the deep 

brain *93, 94+. NIR wavelengths have been used to improve the penetration depth for in vivo 

imaging of animal brains, but the depth is still limited to millimeters. At longer wavelengths such as 

in mid-IR, the water absorption is no longer negligible. Contrast agents with high absorption 

coefficients in the NIR window have been reported, and most of them are only usable for PA 

imaging at 700-1000 nm *95-97+. Kim et al. labeled stem cells with Prussian blue nanoparticles, 

which are an emerging PA contrast agent with strong absorption at 750 nm *98+. This method can 

potentially be used for PA imaging of AD brain, as the labeled stem cells were successfully injected 

into living mouse brain and monitored for 14 days with in vivo cell tracking. Low image quality due 

to limited light fluence delivery can also be solved by using more advanced reconstruction 

methods. Mozaffarzadeh et al. have shown that a double-stage, delay-multiply-and-sum 

reconstruction algorithm can greatly enhance the lateral resolution and contrast ratio under low 

fluence excitation provided by LED *99+. In summary, although challenges such as optical 

attenuation and transcranial US aberration remain, transcranial PA/US imaging is not beyond reach 

and can potentially generate a profound impact on both AD research and clinical practice.  
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