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Abstract

The incidence of arthritic diseases is gradually increasing, imposing a tremen-
dous socioeconomic burden, and their early diagnosis and treatment are of sig-
nificant importance. Photoacoustic imaging is a rapidly emerging novel optical
imaging modality that combines the advantages of optical excitation and ultra-
sound detection, enabling simultaneous morphological, microvascular, and func-
tional imaging of joints, as well as molecular imaging through exogenous contrast
agents. Over the past decade, numerous research teams have developed a series
of photoacoustic imaging instruments, including standalone tomography sys-
tems and multimodal imaging systems integrated with commercial ultrasound
devices, and have conducted animal and human experiments for arthritis dis-
ease diagnosis. Preclinical studies have demonstrated the role of photoacoustic
technology in arthritis diagnosis, among which the integrated PA/US system
equipped with a handheld photoacoustic probe offers promising prospects for
clinical translation.
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Abstract

This decade has witnessed a growing prevalence of chronic arthritis worldwide.
Early diagnosis of arthritis is essential for timely treatment and improved prog-
nosis. Photoacoustic (PA) imaging (PAI), a multi-functional imaging technique,
has been applied to visualize the morphological structures of peripheral joints
and microvasculature in small joints. Blood oxygenation and other perfusion
indices can also be calculated by PAI, enabling functional evaluation of joint tis-
sues. Exogenous PA contrast agents, targeted to specific molecular biomarkers,
facilitate molecular imaging using PA modalities. Several photoacoustic com-
puted tomography (PACT) modalities have been developed for joint imaging,
including dual-modality systems that integrate PA with other imaging meth-
ods. Leveraging the stability and maturity of commercial ultrasound units,
co-registration of PA and ultrasound (US) systems with a portable probe repre-
sents an essential step for future clinical translation and widespread adoption.
Currently, researchers are making efforts to eliminate reflection artifacts and
enhance the quality and speed of PA image acquisition.

Keywords: joint imaging, inflammatory arthritis, photoacoustic imaging, pho-
toacoustic effect, ultrasonography

1. Overview of Joint Diseases

In recent years, the global incidence of joint diseases has increased significantly,
particularly chronic non-traumatic inflammatory joint diseases including os-
teoarthritis (OA) and rheumatoid arthritis (RA). Chronic inflammatory joint
disease is the most common cause of non-traumatic activity limitation and dis-
ability [1-2]. A 2005 U.S. population survey showed that approximately 8.6
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million adults with impaired motor function had these two joint diseases as
their primary condition [3]. Studies have demonstrated that early application
of disease-modifying antirheumatic drugs (DMARDs) can effectively prevent
deterioration of arthritic lesions and partially control subsequent functional lim-
itation and disability [4]. However, early inflammatory joint lesions present with
subtle clinical symptoms [5], and conventional imaging modalities have subop-
timal diagnostic sensitivity and limited ability to predict prognosis or guide
treatment. Therefore, applying novel imaging technologies for higher-resolution
imaging of small joints to enable diagnosis and prognostic assessment of arthritic
diseases will facilitate earlier clinical intervention, precision treatment guidance,
and improved overall outcomes [6].

2. Conventional Imaging Evaluation Methods for Arthritic
Diseases

Currently, commonly used imaging modalities for chronic arthritis diagnosis
and assessment include conventional radiography (CR), computed tomography
(CT), and magnetic resonance imaging (MRI), which are primarily employed
to evaluate OA and RA-affected joints [7]. Imaging features of arthritis arise
from pathological changes, such as joint space narrowing, subchondral sclero-
sis, and soft tissue ossification in OA, and synovial inflammation (including
synovial thickening and hyperemia), tendon and peritendinous inflammatory le-
sions (tenosynovitis, peritendinitis), bursitis, and bone erosion in RA. Pathologi-
cal manifestations vary according to disease type and stage, with corresponding
imaging changes facilitating differential diagnosis [8-9]. Conventional radiog-
raphy demonstrates high accuracy for diagnosing bone damage, and the 1987
American College of Rheumatology guidelines considered CR the gold standard
imaging modality for RA diagnosis and classification [10]. However, limited
resolution restricts its application in early diagnosis of arthritic diseases.

CT is not commonly used for arthritis diagnosis but serves as an adjunctive
tool to display subchondral damage, soft tissue calcification, and bone erosion
through multiplanar visualization [11-13]. MRI, with its high soft tissue reso-
lution, is the most widely used imaging modality for clinical joint disease [14].
Through multi-sequence, multiplanar joint tissue imaging, MRI can reveal early
arthritic changes, with sensitivity further enhanced after contrast agent injection
[15]. High-frequency ultrasound can display periarthritic soft tissue changes, in-
cluding synovitis, tenosynovitis, peritendinitis, bursitis, and enthesitis, and can
also assess joint effusion and bone erosion commonly seen in arthritic diseases.
Semi-quantitative scoring of inflammatory activity using grayscale ultrasound
has been applied in some studies [16-17]. With Doppler technology, ultrasound’
s diagnostic value for arthritis has improved; displaying blood flow in inflamed
joints enables semi-quantitative assessment of disease activity [18-19].

Recently, with advances in imaging technology, novel modalities have been ap-
plied clinically, offering new hope for early diagnosis of arthritic diseases. These
include optical imaging techniques such as diffuse optical imaging (DOI), flu-
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orescence, and bioluminescence imaging [20-21]. Multi-wavelength DOI can
calculate oxyhemoglobin and deoxyhemoglobin content to indicate functional
changes in diseased joints, such as hyperemia, neovascularization, and hypoxia
[22]. Contrast-enhanced ultrasound (CEUS) is a recently widely promoted ultra-
sound technique with many studies investigating its role in joint inflammation
diagnosis. Research has demonstrated that CEUS can detect synovial inflamma-
tory lesions and enable quantitative and semi-quantitative evaluation of disease
activity; it can also facilitate molecular imaging of arthritis [20,23-25].

These conventional and novel imaging modalities enable morphological, mi-
crovascular, and functional imaging of joints with good accuracy and sensitivity.
However, no single non-invasive method simultaneously achieves high-resolution
small joint imaging with morphological, microvascular, and functional capabili-
ties. Photoacoustic imaging technology promises to address this gap by enabling
non-invasive, high-resolution small joint imaging with structural and functional
quantitative analysis on a single platform. This article focuses on the feasibility
and potential clinical value of photoacoustic imaging in joint diseases.

3. Principles and Imaging Systems of Photoacoustic Imag-
ing Technology

Photoacoustic imaging (PAI) is a novel non-invasive optical imaging technology
based on the photoacoustic effect—the conversion of optical signals to acoustic
signals within a tunable range [26-27]. First described by Alexander Graham
Bell in 1886 [28], the photoacoustic effect occurs when tissue irradiated by short-
pulsed laser experiences temperature rise, producing thermoelastic expansion
and pressure deformation that generates broadband ultrasound waves. These
ultrasound waves are received by piezoelectric ultrasound probes and converted
into photoacoustic images through image reconstruction and post-processing
[27-29] [Figure 1: see original paper|. Photoacoustic imaging combines the
advantages of optical imaging and ultrasound, reflecting tissue optical properties
while achieving considerable depth and spatial resolution.

A typical photoacoustic system consists primarily of a laser emitter, light de-
livery path, and ultrasound signal reception/processing unit [30]. Q-switched
neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers and optical para-
metric oscillators (OPO) are commonly used as multi-wavelength imaging light
sources [31]. Light-emitting diodes (LED) can also serve as ideal light sources
for photoacoustic imaging [32]. Light delivery systems comprise various opti-
cal lenses and fibers combined in specific configurations, varying by instrument
design [33]. Ultrasound signal reception commonly uses conventional piezoelec-
tric elements or more sensitive capacitive micromachined ultrasonic transduc-
ers (CMUT) [34]. The main instrument types include photoacoustic computed
tomography (PACT), photoacoustic microscopy (PAM), and photoacoustic en-
doscopy (PAE) [35]. Among these, PACT is a relatively mature technology that
converts photoacoustic signals into 2D and 3D images through probe arrange-
ment /rotation patterns and complex image processing. Numerous animal and
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preclinical studies on PACT have been conducted in breast cancer and other
fields [36-37]. PA systems can also be integrated with other imaging modalities
to form multi-functional platforms, such as US, DOI, OCT, and MRI [33,38-40].

By displaying endogenous photoacoustic contrast agents, photoacoustic imaging
can simultaneously achieve anatomical and functional imaging [41-42]. Endoge-
nous contrast agents include oxyhemoglobin, deoxyhemoglobin, melanin, water,
and lipids [43]. Multi-wavelength PAI displaying oxy- and deoxyhemoglobin en-
ables calculation of functional parameters such as blood oxygen saturation [43].
Photoacoustic imaging also shows promise for melanoma diagnosis and treat-
ment [44-45]. Using exogenous contrast agents loaded with specific molecules
enables molecular photoacoustic imaging [46-48]. Research on exogenous pho-
toacoustic contrast agents has increased in recent years, with main types includ-
ing indocyanine green (ICG) [49-50], gold nanoparticles [51], and single-walled
carbon nanotubes (SWNTs) [52-54].

4. Development of Photoacoustic Imaging Technology in
Joint Imaging

Over the past decade, research on PAI applications in joint imaging has gradu-
ally increased. PAI offers both high spatial resolution and imaging depth, mak-
ing it suitable for joint imaging, particularly small joints. Photoacoustic imaging
can display not only joint anatomical structures but also quantitatively measure
functional parameters, demonstrating good clinical translation prospects.

4.1 Photoacoustic Computed Tomography (PACT)

Table 1 summarizes recent independent PACT systems developed by interna-
tional teams for joint imaging and corresponding animal, phantom, and human
preclinical experiments. In 2006, a University of Michigan team first developed
a dedicated 3D PACT system for joint imaging and tested it on rat tail joint
models and human cadavers [55]. Using an Nd:YAG laser and a broadband
ultrasound probe rotating in an arc around the joint, this system produced 3D
images clearly displaying periarthritic tissues including skin, fat, muscle, blood
vessels, synovium, and bone, while reflecting hemoglobin distribution [56]. Re-
searchers quantified photoacoustic signals in arthritic rat ankle joints and found
increased local photoacoustic signals [57].

Another research team from the University of Florida developed a quantitative
3D PACT system during the same period and conducted phantom and human
in vivo experiments [58-60]. An ultrasound probe connected to a robotic arm
rotated to achieve 3D imaging of finger joints, with studies showing consistency
between photoacoustic 3D joint images and MRI. The team later improved the
system with a semicircular ultrasound transducer array for better human joint
imaging [61].

These studies demonstrated that PACT can effectively display periarthritic tis-
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sue morphology, including tendons and synovium. Research has also confirmed
that photoacoustic imaging can visualize intra-articular cartilage and bone that
are difficult to detect with conventional ultrasound [62]. Most studies emphasize
PACT’ s high sensitivity for microvasculature and neovascularization, a crucial
feature for joint disease diagnosis.

Peter Van Es et al. designed a PACT system with a semicircular ultrasound
transducer array for imaging finger joint vasculature [63]. Vessels in the nail bed,
skin layers, and subcutaneous soft tissues around interphalangeal joints were
clearly visualized, ranging from linear capillaries to 1.5 mm diameter vessels,
consistent with histology. Sergey Ermilov also developed a PACT system for
joint microvascular imaging [64]. Using an arc-shaped probe with 360° rotation
for 3D imaging, this system achieved high resolution for joint microvasculature
and could display thermoregulatory responses in small vessels through rapid
photoacoustic imaging.

4.2 Integration of Photoacoustic and Ultrasound Imaging—Dual-
Modality PA /US Imaging Systems

Since both photoacoustic and ultrasound signals are received by ultrasound
transducers, simultaneous imaging results from both modalities can be ob-
tained through post-processing, with photoacoustic images superimposed on
grayscale ultrasound images to achieve PA/US dual-modality imaging. This
multi-modality approach is currently a hot topic in photoacoustic joint imaging
research, with relevant studies summarized in Table 2 .

4.2.1 PA/US Tomography A research team from the University of Macau
integrated PACT and ultrasound computed tomography (USCT) into a single
imaging platform, forming a PACT/USCT dual-modality system that obtains
microvascular and anatomical functional information through multi-band PACT
and ultrasound overlay images [65]. Milan Oeri et al. applied the same principle
to design a PA/US tomography system suitable for human finger joint imaging,
enabling multi-modality imaging of finger joints and internal microvasculature
[66].

4.2.2 Integration with Commercial Ultrasound Instruments Due to
ultrasound’ s high cost-effectiveness and portability, it is widely used globally.
However, standalone photoacoustic imaging systems often consist of bulky, com-
plex, and expensive equipment, limiting clinical application. To facilitate clini-
cal translation, several research teams have integrated photoacoustic technology
into commercial ultrasound systems, constructing novel integrated PA/US dual-
modality imaging platforms. These systems integrate photoacoustic signals into
ultrasound grayscale images, using ultrasound guidance for photoacoustic signal
analysis and quantitative assessment, while maintaining the stability advantages
of commercial ultrasound systems. Such dual-modality systems have been used
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for breast cancer and metastatic lymph node evaluation, with studies also vali-
dating their application in joint imaging.

Wang et al. first integrated photoacoustic imaging into a commercial ultra-
sound instrument [67] and applied this dual-modality system to perform dual-
wavelength (1064 nm and 532 nm) examination of arthritis model mouse ankles,
detecting significantly elevated photoacoustic signals in inflammatory lesions
[68]. The team also investigated its role in arthritis treatment monitoring [69].
Photoacoustic signals in treated arthritis mice decreased significantly, consistent
with microPET and histology results. The team further modified the system for
human joint imaging and obtained clear photoacoustic images of human finger
joints [70].

4.2.3 Integrated PA/US Imaging Platforms with Handheld Photoa-
coustic Probes Integrating the optical delivery system directly into the ul-
trasound probe to form a portable, integrated PA/US probe better conforms to
physician usage habits and offers greater potential for clinical translation and
promotion. Therefore, integrated PA/US probes have become a recent research
focus for multi-functional PA/US imaging systems. K. Daoudi and P.J. van den
Berg et al. developed a simplified ultrasound probe integrating a photoacoustic
system in 2014 [71]. Using a series of adjusted cylindrical lenses and diffractive
optical elements integrated into the probe, the laser beam was shaped into a
rectangular form matching the probe surface. This system simultaneously ob-
tained clear ultrasound and photoacoustic images, with photoacoustic images
added to ultrasound images in pseudo-color to clearly display microvessels and
bone surface structures within joints.

To further demonstrate the clinical potential of this handheld probe system,
researchers conducted preclinical studies [72]. The system was used to examine
finger joints in 10 arthritis patients and healthy controls, with quantitative as-
sessment of intra-articular photoacoustic signals. Results showed significantly
increased PA signals that were statistically consistent with power Doppler ul-
trasound (PDUS) semi-quantitative scores.

A University of Michigan team developed a dual-modality PA/US imaging sys-
tem with a handheld photoacoustic probe based on their previous work [73]. Re-
searchers used the system to image finger joints in arthritis patients and healthy
controls with 580 nm single-wavelength and 532 nm/1064 nm dual-wavelength
imaging. Single-wavelength imaging at 580 nm displayed hemoglobin distri-
bution in metacarpophalangeal (MCP) joints, while dual-wavelength imaging
provided blood oxygen saturation information. The study found significant dif-
ferences in blood flow and oxygen saturation between arthritis patients and con-
trols, demonstrating the system’ s ability to quantitatively diagnose functional
changes in inflamed joints such as hyperemia and hypoxia [74]. The team fur-
ther modified the dual-modality PA/US system using LEDs as the light source,
successfully obtaining real-time integrated PA and US images with high signal-
to-noise ratio. This system could display finger microvessels up to 5 mm in
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diameter and obtain quantitative blood oxygen results. Compared to expensive,
high-energy laser systems, LEDs are more cost-effective and suitable for clin-
ical application, making this achievement valuable for promoting clinical PAI
application in arthritis [75].

Since 2015, the ultrasound department of Peking Union Medical College Hos-
pital, in collaboration with Peking University and Mindray, has focused on
developing a multi-functional PA /US imaging platform with a handheld photoa-
coustic probe. The photoacoustic system was integrated into a clinical high-end
ultrasound imaging probe (L9-3U, Mindray Bio-Medical Electronics Co., Ltd.,
China), using a clinical high-end ultrasound diagnostic instrument to simulta-
neously detect photoacoustic and ultrasound signals and obtain overlaid images
[Figure 2: see original paper|. This imaging platform has successfully completed
preclinical validation studies for thyroid and breast nodule diagnosis [76]. Cur-
rently, our research team has initiated clinical studies on rheumatoid arthritis,
with preliminary results showing that this PA/US multi-modality imaging sys-
tem provides good visualization of microvasculature in synovial tissue of small
joints and demonstrates good correlation with clinical scores [Figure 3: see orig-
inal paper]. Comprehensive evaluation of small joints in RA patients using this
system is expected to have significant clinical value in disease activity assess-
ment, post-treatment follow-up, and prognosis prediction.

4.3 Multi-Modality Imaging Systems Combining Ultrasound and
Other Medical Imaging Technologies

In addition to ultrasound integration, photoacoustic technology can be com-
bined with diffused optical tomography (DOT) on the same platform due to
their shared optical imaging nature. Xi L et al. established an integrated PACT
and DOT optical imaging platform, using transducer arrays to receive photoa-
coustic signals and finite-element image reconstruction to process diffused opti-
cal signals, achieving simultaneous PA and DOT imaging. Testing on human
joints showed that periarthritic tissues and bone could be visualized by both
PACT and DOT, suggesting the system’ s potential application in assessing
joint inflammation [77].

4.4 Application of Exogenous Photoacoustic Contrast Agents in Joint
Imaging

Beyond instrument development, some researchers have employed exogenous
photoacoustic contrast agents to extend photoacoustic joint imaging to the
molecular level [78]. One study conjugated the anti-TNF targeted drug Etan-
ercept to gold nanoparticles as an exogenous photoacoustic contrast agent and
injected it into rat tail joints for photoacoustic imaging at 600 nm wavelength.
The experimental group showed significantly higher intra-articular signal inten-
sity than the control group without contrast agent, suggesting that molecular
imaging with gold nanoparticle-based PAI can monitor intra-articular drug con-
centration.
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Seminaphthorhodafluor (SNARF-5F) is a special pH-sensitive dye that can be
combined with nanoprobes to detect local tissue pH values. This molecular
probe can also be applied to photoacoustic joint imaging [79]. After injecting
the molecular probe complex into local joint tissues, photoacoustic signals can
be calculated to obtain local pH values, offering auxiliary diagnostic value for
arthritic diseases.

Another approach involves labeling near-infrared fluorophores with polyanionic
dendritic polyglycerol sulfate (dPGS) to form L-selectin/P-selectin-specific
complexes for targeted monitoring of inflammatory responses. When this
inflammation-specific probe was locally injected into knee and ankle joints of
arthritis model mice, photoacoustic imaging revealed significantly higher PA
signal intensity than in healthy mice, consistent with contrast-enhanced MRI
and histology results [80].

Another study found that Clofazimine (CFZ), an anti-inflammatory drug for
arthritis treatment, has high optical absorption at 450 nm, making it suitable
for photoacoustic imaging [81]. CFZ accumulates in macrophages, potentially
enabling cell-specific diagnosis and treatment monitoring. The study first con-
firmed CFZ’ s applicability to photoacoustic molecular imaging using photoa-
coustic microscopy, then successfully obtained satisfactory photoacoustic signals
from CFZ-injected models, animal models, and cadaveric finger joints using a
dual-modality PA/US system, suggesting that photoacoustic technology can
monitor CFZ treatment for arthritis.

5. Outlook for Photoacoustic Joint Imaging Technology

Integrating photoacoustic technology into commercial ultrasound systems is
more suitable for clinical translation, leading to increasing research focus on
multi-modality PA/US imaging platforms, particularly instruments with hand-
held portable photoacoustic probes. Photoacoustic microvascular imaging and
multi-wavelength oxygen saturation measurement may assist in diagnosing early
pathophysiological changes and monitoring drug efficacy in joint diseases, rep-
resenting current research priorities.

As a novel imaging modality, various PAI systems currently have lower reso-
lution than highly refined clinical imaging modalities such as MRI, requiring
further optimization and improvement [82]. Beyond enhancing signal-to-noise
ratio and resolution, artifact elimination is crucial for improving image quality
and diagnostic capability. For example, ultrasound signals reflected from bone
surfaces within joints may affect photoacoustic image reconstruction and cre-
ate artifacts, though studies have applied special post-processing methods to
identify such artifacts [83].

Currently, clinical studies on photoacoustic imaging in arthritic diseases are
limited and have shortcomings. First, most studies are in early stages with
small patient cohorts, providing insufficient evidence for clinical value. Addi-
tionally, comparative studies with other modalities are lacking, with research
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only demonstrating consistency with other methods without discussing relative
advantages and disadvantages. Further comparative studies are needed between
photoacoustic imaging and power Doppler, contrast-enhanced ultrasound, and
recent novel ultrasound microvascular flow imaging techniques (such as Superb
Microvascular Imaging, SMI). A major advantage of photoacoustic imaging is
functional imaging for blood oxygen saturation measurement, requiring larger
sample sizes to validate its diagnostic value for arthritic diseases.

6. Conclusion

Photoacoustic imaging is a novel non-invasive medical imaging modality whose
potential in joint imaging has been demonstrated by relevant studies, includ-
ing structural imaging, functional imaging, and molecular photoacoustic imag-
ing using exogenous contrast agents. It holds clinical value for early diagno-
sis, treatment monitoring, and drug therapy monitoring in arthritic diseases.
Photoacoustic imaging is suitable for integration into commercial ultrasound
instruments for multi-modality imaging, enabling acquisition of more effective
diagnostic information through comprehensive image analysis. Combining pho-
toacoustic imaging instruments with handheld ultrasound probes represents an
important direction for future clinically translational imaging devices. With
continuous optimization and improvement of photoacoustic imaging technology
and equipment, clinical translation and widespread application in joint disease
diagnosis and treatment are expected to be realized.

References

1. Park J, Mendy A, Vieira ER. Various Types of Arthritis in the United
States: Prevalence and Age-Related Trends From 1999 to 2014. American
Journal of Public Health 2017:e1-e3. doi: 10.2105/ajph.2017.304179

2. Xu C, Wang X, Mu R, et al. Societal Costs of Rheumatoid Arthritis in
China: A Hospital-Based Cross-Sectional Study. Arthritis Care & Re-
search 2014;66(4):523-531. doi: 10.1002/acr.22160

3. Hootman JM, Helmick CG, Brady TJ. A Public Health Approach to Ad-
dressing Arthritis in Older Adults: The Most Common Cause of Dis-
ability. American Journal of Public Health 2012;102(3):426-433. doi:
10.2105/ajph.2011.300423

4. Shahouri SH, Michaud K, Mikuls TR, et al. Remission of Rheumatoid
Arthritis in Clinical Practice: Application of the American College
of Rheumatology/European League Against Rheumatism 2011 Remis-
sion Criteria. Arthritis and Rheumatism 2011;63(11):3204-3215. doi:
10.1002/art.30524

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

ChinaRxiv [$X]

5. Lee DM, Weinblatt ME. Rheumatoid Arthritis. Lancet 2001;358(9285):903-
911. doi: 10.1016/s0140-6736(01)06075-5

6. Hoving JL, Buchbinder R, Hall S, et al. A Comparison of Magnetic
Resonance Imaging, Sonography, and Radiography of the Hand in
Patients with Early Rheumatoid Arthritis. The Journal of Rheumatology
2004;31(4):663-675.

7. Sakellariou G, Conaghan PG, Zhang W, et al. EULAR Recommendations
for the Use of Imaging in the Clinical Management of Peripheral Joint
Osteoarthritis. Annals of the Rheumatic Diseases 2017;76(9):1484-1494.
doi: 10.1136/annrheumdis-2016-210815

8. van Saase JL, van Romunde LK, Cats A, et al. Epidemiology of Os-
teoarthritis: Zoetermeer Survey. Comparison of Radiological Osteoarthri-
tis in a Dutch Population with That in 10 Other Populations. Annals of
the Rheumatic Diseases 1989;48(4):271-280.

9. Fleming A, Crown JM, Corbett M. Early Rheumatoid Disease. I. Onset.
Annals of the Rheumatic Diseases 1976;35(4):357-360.

10. Arnett FC, Edworthy SM, Bloch DA, et al. The American Rheumatism
Association 1987 Revised Criteria for the Classification of Rheumatoid
Arthritis. Arthritis and Rheumatism 1988;31(3):315-324.

11. Guermazi A, Eckstein F, Hellio Le Graverand-Gastineau MP, et al. Os-
teoarthritis: Current Role of Imaging. The Medical Clinics of North Amer-
ica 2009;93(1):101-126, xi. doi: 10.1016/j.mcna.2008.08.003

12. Duryea J, Magalnick M, Alli S, et al. Semiautomated Three-Dimensional
Segmentation Software to Quantify Carpal Bone Volume Changes on Wrist
CT Scans for Arthritis Assessment. Medical Physics 2008;35(6):2321-2330.
doi: 10.1118/1.2900111

13. Perry D, Stewart N, Benton N, et al. Detection of Erosions in the Rheuma-
toid Hand: A Comparative Study of Multidetector Computerized Tomog-
raphy Versus Magnetic Resonance Scanning. The Journal of Rheumatol-
ogy 2005;32(2):256-267.

14. McQueen FM. Magnetic Resonance Imaging in Early Inflammatory Arthri-
tis: What Is Its Role? Rheumatology 2000;39(7):700-706.

15. McQueen FM. The Use of MRI in Early RA. Rheumatology 2008;47(11):1597-
1599. doi: 10.1093/rheumatology/ken332

16. Czyrny Z. Standards for Musculoskeletal Ultrasound. Journal of Ultra-
sonography 2017;17(70):182-187. doi: 10.15557/J0U.2017.0027

17. Hayashi D, Roemer FW, Guermazi A. Imaging of Osteoarthritis—Recent
Research Developments and Future Perspective. The British Journal of
Radiology 2017:20170349. doi: 10.1259/bjr.20170349

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

ChinaRxiv [$X]

Lillegraven S, Boyesen P, Hammer HB, et al. Tenosynovitis of the Extensor
Carpi Ulnaris Tendon Predicts Erosive Progression in Early Rheumatoid
Arthritis. Annals of the Rheumatic Diseases 2011;70(11):2049-2050. doi:
10.1136/ard.2011.151316

Terslev L, Ellegaard K, Christensen R, et al. Head-to-Head Comparison
of Quantitative and Semi-Quantitative Ultrasound Scoring Systems for
Rheumatoid Arthritis: Reliability, Agreement and Construct Validity.
Rheumatology 2012;51(11):2034-2038. doi: 10.1093 /rheumatology /kes124

Zhao CY, Jiang YX, Li JC, et al. Role of Contrast-Enhanced Ultrasound
in the Evaluation of Inflammatory Arthritis. Chinese Medical Journal
2017;130(14):1722-1730. doi: 10.4103/0366-6999.209885

Chamberland D, Jiang Y, Wang X. Optical Imaging: New Tools for Arthri-
tis. Integrative Biology 2010;2(10):496-509. doi: 10.1039/b926506f

Niu H, Tian F, Lin ZJ, et al. Development of a Compensation Algorithm
for Accurate Depth Localization in Diffuse Optical Tomography. Optics
Letters 2010;35(3):429-431. doi: 10.1364/01.35.000429

Iris B, Zilberman Y, Zeira E, et al. Molecular Imaging of the Skeleton:
Quantitative Real-Time Bioluminescence Monitoring Gene Expression in
Bone Repair and Development. Journal of Bone and Mineral Research
2003;18(3):570-578. doi: 10.1359/jbmr.2003.18.3.570

Fiocco U, Stramare R, Martini V, et al. Quantitative Imaging by
Pixel-Based Contrast-Enhanced Ultrasound Reveals a Linear Rela-
tionship Between Synovial Vascular Perfusion and the Recruitment of
Pathogenic IL-17A-F(+)IL-23(4+) CD161(+) CD4(+) T Helper Cells in
Psoriatic Arthritis Joints. Clinical Rheumatology 2017;36(2):391-399. doi:
10.1007/s10067-016-3500-x

Ohrndorf S, Hensch A, Naumann L, et al. Contrast-Enhanced Ultrasonog-
raphy Is More Sensitive Than Grayscale and Power Doppler Ultrasonog-
raphy Compared to MRI in Therapy Monitoring of Rheumatoid Arthri-
tis Patients. Ultraschall in der Medizin 2011;32 Suppl 2:E38-44. doi:
10.1055/s-0031-1281770

Yao J, Wang LV. Photoacoustic Tomography: Fundamentals, Advances
and Prospects. Contrast Media & Molecular Imaging 2011;6(5):332-345.
doi: 10.1002/cmmi.443

Beauvoit B, Evans SM, Jenkins TW, et al. Correlation Between the Light
Scattering and the Mitochondrial Content of Normal Tissues and Trans-
able Rodent Tumors. Analytical Biochemistry 1995;226(1):167-174. doi:
10.1006/abio.1995.1205

Zhou'Y, Yao J, Wang LV. Tutorial on Photoacoustic Tomography. Journal
of Biomedical Optics 2016;21(6):61007. doi: 10.1117/1.jb0.21.6.061007

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ChinaRxiv [$X]

Wang LV, Hu S. Photoacoustic Tomography: In Vivo Imaging from Or-
ganelles to Organs. Science 2012;335(6075):1458-1462. doi: 10.1126/sci-
ence.1216210

Maslov K, Wang LV. Photoacoustic Imaging of Biological Tissue with
Intensity-Modulated Continuous-Wave Laser. Journal of Biomedical Op-
tics 2008;13(2):024006. doi: 10.1117,/1.2904965

Allen TJ, Beard PC. High Power Visible Light Emitting Diodes as Pulsed
Excitation Sources for Biomedical Photoacoustics. Biomedical Optics Fx-
press 2016;7(4):1260-1270. doi: 10.1364/boe.7.001260

Kim C, Erpelding TN, Jankovic L, et al. Deeply Penetrating In Vivo Pho-
toacoustic Imaging Using a Clinical Ultrasound Array System. Biomedical
Optics Express 2010;1(1):278-284. doi: 10.1364/boe.1.000278

Valluru KS, Willmann JK. Clinical Photoacoustic Imaging of Cancer. Ul-
trasonography 2016;35(4):267-280. doi: 10.14366/usg.16035

Wang LV, Gao L. Photoacoustic Microscopy and Computed Tomogra-
phy: From Bench to Bedside. Annual Review of Biomedical Engineering
2014;16:155-185. doi: 10.1146/annurev-bioeng-071813-104553

Menke J. Photoacoustic Breast Tomography Prototypes with Reported
Human Applications. Furopean Radiology 2015;25(8):2205-2213. doi:
10.1007/s00330-015-3647-x

Xia J, Yao J, Wang LV. Photoacoustic Tomography: Principles and Ad-
vances. Electromagnetic Waves 2014;147:1-22.

Erpelding TN, Kim C, Pramanik M, et al. Sentinel Lymph Nodes in the
Rat: Noninvasive Photoacoustic and US Imaging with a Clinical US Sys-
tem. Radiology 2010;256(1):102-110. doi: 10.1148 /radiol. 10091772

Bouchard LS, Anwar MS, Liu GL, et al. Picomolar Sensitivity MRI
and Photoacoustic Imaging of Cobalt Nanoparticles. Proceedings
of the National Academy of Sciences 2009;106(11):4085-4089.  doi:
10.1073/pnas.0813019106

Jiao S, Xie Z, Zhang HF, et al. Simultaneous Multimodal Imaging with
Integrated Photoacoustic Microscopy and Optical Coherence Tomography.
Optics Letters 2009;34(19):2961-2963. doi: 10.1364/01.34.002961

Wang X, Pang Y, Ku G, et al. Noninvasive Laser-Induced Photoacoustic
Tomography for Structural and Functional In Vivo Imaging of the Brain.
Nature Biotechnology 2003;21(7):803-806. doi: 10.1038/nbt839

Zackrisson S, van de Ven S, Gambhir SS. Light In and Sound Out: Emerg-
ing Translational Strategies for Photoacoustic Imaging. Cancer Research
2014;74(4):979-1004. doi: 10.1158/0008-5472.can-13-2387

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

ChinaRxiv [$X]

Wang S, Lin J, Wang T, et al. Recent Advances in Photoacoustic Imaging
for Deep-Tissue Biomedical Applications. Theranostics 2016;6(13):2394-
2413. doi: 10.7150/thno.16715

Oh JT, Li ML, Zhang HF, et al. Three-Dimensional Imaging of Skin
Melanoma In Vivo by Dual-Wavelength Photoacoustic Microscopy. Jour-
nal of Biomedical Optics 2006;11(3):34032. doi: 10.1117/1.2210907

Marchesini R, Bono A, Bartoli C, et al. Optical Imaging and Automated
Melanoma Detection: Questions and Answers. Melanoma Research
2002;12(3):279-286.

Tang H, Yang M, Jiang Y. Photoacoustic Imaging Molecular Contrast
Agents. Peking Union Medical College Hospital Journal 2018;04:358-363.

Luke GP, Yeager D, Emelianov SY. Biomedical Applications of Photoa-
coustic Imaging with Exogenous Contrast Agents. Annals of Biomedical
Engineering 2012;40(2):422-437. doi: 10.1007/s10439-011-0449-4

Weber J, Beard PC, Bohndiek SE. Contrast Agents for Molecular
Photoacoustic Imaging.  Nature Methods 2016;13(8):639-650.  doi:
10.1038 /nmeth.3929

Kanazaki K, Sano K, Makino A, et al. Polyoxazoline Multivalently Conju-
gated with Indocyanine Green for Sensitive In Vivo Photoacoustic Imaging
of Tumors. Scientific Reports 2016;6:33798. doi: 10.1038/srep33798

Sano K, Ohashi M, Kanazaki K, et al. Indocyanine Green-Labeled Polysar-
cosine for In Vivo Photoacoustic Tumor Imaging. Bioconjugate Chemistry
2017;28(4):1024-1030. doi: 10.1021/acs.bioconjchem.6b00715

Li W, Chen X. Gold Nanoparticles for Photoacoustic Imaging.
Nanomedicine 2015;10(2):299-320. doi: 10.2217/nnm.14.169

Xiang L, Yuan Y, Xing D, et al. Photoacoustic Molecular Imaging with
Antibody-Functionalized Single-Walled Carbon Nanotubes for Early Di-
agnosis of Tumor. Journal of Biomedical Optics 2009;14(2):021008. doi:
10.1117/1.3078809

Zhang Y, Yu J, Kahkoska AR, et al. Photoacoustic Drug Delivery. Sensors
2017;17(6) doi: 10.3390/s17061400

Jiang Y, Pu K. Advanced Photoacoustic Imaging Applications of
Near-Infrared Absorbing Organic Nanoparticles. Small 2017;13(30) doi:
10.1002/smll.201700710

Wang X, Chamberland DL, Carson PL, et al. Imaging of Joints with Laser-
Based Photoacoustic Tomography: An Animal Study. Medical Physics
2006;33(8):2691-2697. doi: 10.1118/1.2214166

Wang X, Chamberland DL, Jamadar DA. Noninvasive Photoacoustic To-
mography of Human Peripheral Joints Toward Diagnosis of Inflammatory

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

ChinaRxiv [$X]

Arthritis. Optics Letters 2007;32(20):3002-3004.

56. Chamberland DL, Wang X, Roessler BJ. Photoacoustic Tomography of
Carrageenan-Induced Arthritis in a Rat Model. Journal of Biomedical
Optics 2008;13(1):011005. doi: 10.1117/1.2841028

57. Sun Y, Jiang H. Quantitative Three-Dimensional Photoacoustic Tomog-
raphy of the Finger Joints: Phantom Studies in a Spherical Scanning
Geometry. Physics in Medicine and Biology 2009;54(18):5457-5467. doi:
10.1088/0031-9155/54/18,/007

58. Sun Y, Sobel E, Jiang H. Quantitative Three-Dimensional Photoacoustic
Tomography of the Finger Joints: An In Vivo Study. Journal of Biomed-
ical Optics 2009;14(6):064002. doi: 10.1117/1.3257246

59. Yuan Z, Jiang H. Three-Dimensional Finite-Element-Based Photoacous-
tic Tomography: Reconstruction Algorithm and Simulations. Medical
Physics 2007;34(2):538-546. doi: 10.1118/1.2409234

60. Sun Y, Sobel ES, Jiang H. First Assessment of Three-Dimensional
Quantitative Photoacoustic Tomography for In Vivo Detection of Os-
teoarthritis in the Finger Joints. Medical Physics 2011;38(7):4009-4017.
doi: 10.1118/1.3598113

61. Hagiwara Y, Izumi T, Yabe Y, et al. Simultaneous FEvaluation of
Articular Cartilage and Subchondral Bone from Immobilized Knee in
Rats by Photoacoustic Imaging System. Journal of Orthopaedic Science
2015;20(2):397-402. doi: 10.1007/s00776-014-0692-2

62. van Es P, Biswas SK, Bernelot Moens HJ, et al. Initial Results of Finger
Imaging Using Photoacoustic Computed Tomography. Journal of Biomed-
ical Optics 2014;19(6):060501. doi: 10.1117/1.jb0.19.6.060501

63. Ermilov S, Zamora M, Oraevsky A. Optoacoustic Angiography of Periph-
eral Vasculature. Proc SPIE 2012;8223(3):8.

64. Liu Y, Wang Y, Yuan Z. Dual-Modality Imaging of the Human Finger
Joint Systems by Using Combined Multispectral Photoacoustic Computed
Tomography and Ultrasound Computed Tomography. BioMed Research
International 2016;2016:1453272. doi: 10.1155/2016/1453272

65. Oeri M, Bost W, Senegond N, et al. Hybrid Photoacoustic/Ultrasound
Tomograph for Real-Time Finger Imaging. Ultrasound in Medicine &
Biology 2017;43(10):2200-2212. doi: 10.1016/j.ultrasmedbio.2017.05.015

66. Wang X, Fowlkes JB, Cannata JM, et al. Photoacoustic Imaging with
a Commercial Ultrasound System and a Custom Probe. Ultrasound in
Medicine & Biology 2011;37(3):484-492. doi: 10.1016/j.ultrasmedbio.2010.12.005

67. Rajian JR, Girish G, Wang X. Photoacoustic Tomography to Identify
Inflammatory Arthritis. Journal of Biomedical Optics 2012;17(9):96013-1.
doi: 10.1117/1.jb0.17.9.096013

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

68.

69.

70.

71.

72.

73.

74.

75.

76.

e

78.

79.

ChinaRxiv [$X]

Rajian JR, Shao X, Chamberland DL, et al. Characterization and Treat-
ment Monitoring of Inflammatory Arthritis by Photoacoustic Imaging: A
Study on Adjuvant-Induced Arthritis Rat Model. Biomedical Optics Fzx-
press 2013;4(6):900-908. doi: 10.1364/boe.4.000900

Xu G, Rajian JR, Girish G, et al. Photoacoustic and Ultrasound Dual-
Modality Imaging of Human Peripheral Joints. Journal of Biomedical
Optics 2013;18(1):10502. doi: 10.1117/1.jb0.18.1.010502

Daoudi K, van den Berg PJ, Rabot O, et al. Handheld Probe In-
tegrating Laser Diode and Ultrasound Transducer Array for Ul-
trasound /Photoacoustic Dual Modality Imaging. Optics FEzpress
2014;22(21):26365-26374. doi: 10.1364/0e.22.026365

van den Berg PJ, Daoudi K, Bernelot Moens HJ, et al. Feasibility
of Photoacoustic/Ultrasound Imaging of Synovitis in Finger Joints
Using a Point-of-Care System. Photoacoustics 2017;8:8-14. doi:
10.1016/j.pacs.2017.08.002

Yuan J, Xu G, Yu Y, et al. Real-Time Photoacoustic and Ultrasound
Dual-Modality Imaging System Facilitated with Graphics Processing
Unit and Code Parallel Optimization. Journal of Biomedical Optics
2013;18(8):86001. doi: 10.1117/1.jb0.18.8.086001

Jo J, Xu G, Cao M, et al. A Functional Study of Human Inflammatory
Arthritis Using Photoacoustic Imaging. Scientific Reports 2017;7(1):15026.
doi: 10.1038/s41598-017-15147-5

Zhu Y, Xu G, Yuan J, et al. Light Emitting Diodes Based Photoa-
coustic Imaging and Potential Clinical Applications. Scientific Reports
2018;8(1):9885. doi: 10.1038/s41598-018-28353-8

Yang M, Zhao L, He X, et al. Photoacoustic/Ultrasound Dual Imaging of
Human Thyroid Cancers: An Initial Clinical Study. Biomedical Optics
Ezpress 2017;8(7):3449-3457. doi: 10.1364/boe.8.003449

Xi L, Jiang H. Integrated Photoacoustic and Diffuse Optical Tomography
System for Imaging of Human Finger Joints In Vivo. Journal of Biopho-
tonics 2016;9(3):213-217. doi: 10.1002/jbio.201500197

Chamberland DL, Agarwal A, Kotov N, et al. Photoacoustic Tomogra-
phy of Joints Aided by an Etanercept-Conjugated Gold Nanoparticle
Contrast Agent—An Ex Vivo Preliminary Rat Study. Nanotechnology
2008;19(9):095101. doi: 10.1088,/0957-4484/19/9/095101

Ray A, Yoon HK, Koo Lee YE, et al. Sonophoric Nanoprobe Aided pH
Measurement In Vivo Using Photoacoustic Spectroscopy. The Analyst
2013;138(11):3126-3130. doi: 10.1039/c3an00093a

Beziere N, von Schacky C, Kosanke Y, et al. Optoacoustic Imaging and
Staging of Inflammation in a Murine Model of Arthritis. Arthritis €

chinarxiv.org/items/chinaxiv-201912.00030 Machine Translation


https://chinarxiv.org/items/chinaxiv-201912.00030

ChinaRxiv [$X]

Rheumatology 2014;66(8):2071-2078. doi: 10.1002/art.38642

80. Keswani RK, Tian C, Peryea T, et al. Repositioning Clofazimine as a
Macrophage-Targeting Photoacoustic Contrast Agent. Scientific Reports
2016;6:23528. doi: 10.1038/srep23528

81. Ukai T, Sato M, Ishihara M, et al. Usefulness of Using Laser-Induced
Photoacoustic Measurement and 3.0 Tesla MRI to Assess Knee Cartilage
Damage: A Comparison Study. Arthritis Research & Therapy 2015;17:383.
doi: 10.1186/s13075-015-0899-4

82. Biswas SK, van Es P, Steenbergen W, et al. A Method for Delineation
of Bone Surfaces in Photoacoustic Computed Tomography of the Finger.
Ultrasonic Imaging 2016;38(1):63-76. doi: 10.1177/0161734615589288

Figure Captions

Figure 1. The PA/US multi-modality imaging system developed by our re-
search team integrated into a high-end commercial ultrasound instrument. In
this system, optical fiber transmission and reflection prisms are placed at specific
angles within two metal boxes sized to match the ultrasound probe. Integration
of the light delivery system and ultrasound probe is achieved by attaching the
metal boxes to both sides of the probe, creating an integrated PA/US probe.

Figure 2. Real-time PA/US multi-modality imaging of an active RA patient’
s MCP joint. The MCP joint synovium is markedly thickened, with the yellow-
outlined area indicating significantly thickened synovial tissue above the MCP
joint bone surface. 2A: Color Doppler ultrasound (CDUS) showing abundant
internal blood flow signals; 2C, 2D: PA dual-wavelength imaging showing corre-
sponding photoacoustic signals; 2B: PA dual-wavelength imaging with overlaid
SO relative values, where PA signals appear in red pseudo-color indicating rel-
atively high blood oxygen content.

Figure 3. The PA/US multi-modality imaging system developed by our re-
search team integrated into a high-end commercial ultrasound instrument. In
this system, optical fiber transmission and reflection prisms are placed at specific
angles within two metal boxes sized to match the ultrasound probe. Integration
of the light delivery system and ultrasound probe is achieved by attaching the
metal boxes to both sides of the probe, creating an integrated PA/US probe.
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Research Imaging Ultrasound Imaging Key
Team System Transducer Mode Target Findings
Xueding 3D PACT Arc-rotating Mouse, Clear visu-
Wang ultrasound probe arthritic alization
(2006, mouse, of peri-
2007) human arthritic
cadaver tissues and
hemoglobin
distribu-
tion;
increased
PA signals
in arthritis
Yao Sun 3D PACT Arc-rotating Finger 3D joint
ultrasound probe phantom, imaging
human consistent
fingers with MRI
Yao Sun 3D PACT Circular ultrasound ~ Human Improved
transducer array fingers system for
human
joint
imaging
Sergey PACT for Arc-shaped Human High-
Ermilov microvascu-  transducer array fingers resolution
lature microvas-
cular
imaging
with
thermoreg-
ulation
display
Huang N PACT Arc-shaped Human -
transducer array fingers
Peter Van PACT Semicircular Human Clear visu-
Es transducer array fingers alization
of vessels
from
capillaries
to 1.5 mm
diameter

Table 2. Summary of Dual-Modality PA/US Imaging System Re-

search
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display of lar and
finger joint anatomical
structures imaging
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finger modality
imaging imaging of
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Xueding PA system + Dual- Arthritic Significantly
Wang commercial wavelength mouse tail elevated PA
L10-5 probe (1064/532 joints signals in in-
nm) flammatory
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treatment
monitoring
capability
Xueding PA system + Modified for ~Human finger  Clear
Wang commercial human joints visualization
L10-5 probe imaging of joint
structures
and
microvascu-
lature
Daoudi Handheld Integrated Healthy and Clear
(2014) PA/US probe  optical arthritic PA/US
elements human finger images; PA
joints signals
correlated
with PDUS
scores
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differences
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Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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