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s u m m a r y

Objective: Osteoarthritis (OA) is a chronic joint disease characterized by progressive degradation of
cartilage. It affects more than 10% of the people aged over 60 years-old worldwide with a rising prev-
alence due to the increasingly aging population. OA is a major source of pain, disability, and socioeco-
nomic cost. Currently, the lack of effective diagnosis and affordable imaging options for early detection
and monitoring of OA presents the clinic with many challenges. Spectroscopic Photoacoustic (sPA)
imaging has the potential to reveal changes in cartilage composition with different degrees of damage,
based on optical absorption contrast.
Design: In this study, the capabilities of sPA imaging and its potential to characterize cartilage damage
were explored. To this end, 15 pieces of cartilage samples from patients undergoing a total joint
replacement were collected and were imaged ex vivo with sPA imaging at a wide optical spectral range
(between 500 nm and 1,300 nm) to investigate the photoacoustic properties of cartilage tissue. All the
PA spectra of the cartilage samples were analyzed and compared to the corresponding histological
results.
Results: The collagen related PA spectral changes were clearly visible in our imaging data and were
related to different degrees of cartilage damage. The results are in good agreement with histology and
the current gold standard, i.e., the Mankin score.
Conclusions: This study demonstrates the potential and possible clinical application of sPA imaging in
OA.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

The development of osteoarthritis (OA) generally starts with the
degeneration of cartilage1. Due to the limited regeneration capa-
bility of cartilage, OA is often chronic and progressive. Early
detection and reliablemonitoring of cartilage damage, or the timely
and effective interventions may help to optimize personalized
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treatment, delay total joint arthroplasty, and achieve better disease
control.

Unfortunately, clinical diagnostic techniques are not well
suitable for this purpose, because they are invasive and
subjective (arthroscopy)2, provide only indirect information of
cartilage thickness (radiography and CT)3, or provide relatively
low resolution while being time-consuming and expensive
(MRI)4,5. To overcome these shortcomings, optical imaging
techniques are currently explored for characterizing articular
cartilage. Optical coherence tomography (OCT)6, and near
infrared reflection or absorption spectroscopy (NIRS)5,7,8 can
provide high contrast. While ultrasound (US) imaging
demonstrates sufficient imaging depth and resolution and is
cheap, fast, and safe, but the acoustic contrast inside soft tissue is
limited9e11.
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As a hybrid technique, taking the advantages of optical (high
optical contrast) and acoustic imaging (low acoustic attenuation in
soft tissue), photoacoustic (PA) imaging is emerging as a new
powerful imaging modality. In PA imaging, short pulses of laser
light are transmitted that irradiate the tissue. The optical energy is
absorbed in the tissue and converted to heat, leading to a transient
thermo-elastic expansion locally. As a result, an ultrasound wave is
generatedwhich can be received by an US transducer to reconstruct
so-called PA images12. In these images, the amplitude of the PA
signal is proportional to the optical absorption of the tissue. By
operating at different optical spectral ranges, different wavelength-
dependent responses can be evoked. Hence, spectroscopic photo-
acoustic imaging (sPA) can be performed to reveal the unique
wavelength dependent behavior of different tissues13 and can
easily distinguish between different tissue types14e16. Moreover,
with the same US transducer, a co-registered pulse echo US image
can be obtained. In short, photoacoustics can image tissue
composition based on the optical absorption contrast, and with the
(adequate) imaging depth and resolution of US12,17. Due to its
hybrid nature, the co-registered US image can simultaneously
provide comprehensive information of the tissue structure.

Only few studies have investigated the possibilities of PA im-
aging of cartilage tissue so far11,18e21. These studies are either
limited to PA imaging in a narrow optical spectral range or were
conducted using a small animal model18,20. Hence, the compre-
hensive, wavelength-dependent PA properties of human cartilage
tissue are still largely unclear. Collagen, proteoglycan and water are
the dominant components in normal cartilage, and the nature and
the (relative) contents of these constituents change with the stage
of OA. Initial overloading-induced cartilage damage involves
damage to the collagen network22, and early stages of OA are highly
related to collagen network degradation and proteoglycan loss23,24.
Based on these facts, we hypothesize that the spectral features of
collagen are present in PA spectra obtained in cartilage, and that
they are altered with cartilage damage and severity of OA. To
explore the possibility of sPA imaging in detecting and character-
izing cartilage damage, in this study, and for the first time, we
investigated the PA spectroscopic properties of cartilage tissue by
sPA imaging on human cartilage samples with different levels of
damage at a wide optical spectral range from 500 to 1,300 nm (at
higher wavelengths, strong water absorption reduces penetration
Fig. 1

PA/US imaging setup with a prepared cartilage sample.
cartilage imaging. The custom-built position system is sho
prepared cartilage. The human cartilage sample was embed
cement for registration of the ex-vivo images with the sam
depth). We evaluated the results by comparison to modified his-
tological Mankin scores.

Method and material

Imaging setup

A schematic overview of the sPA imaging setup is shown in
Fig. 1(a). The light source of the imaging system is a flashlamp-
pumped, Q-switched, tunable, pulse laser system (Radiant 355 HE,
Opotek, Santa Clara, CA, USA). The pulse duration is approximately
6 ns, the maximal pulse energy is 50 mJ/pulse, and the pulse rate is
10 Hz. The laser light is coupled into a customdesigned fiber bundle
with an illumination output area of 15 mm � 1 mm (CeramOptecs,
Bonn, Germany). The acoustic sensing is performed with a linear
array US probe (L11-5, 128 elements, fc ¼ 7.5 MHz) attached to a
Verasonics Vantage 256 research system (Verasonics, Kirkland,WA,
USA).

A custom-built positioning system (indicated in the dashed box
in Fig. 1(a)) was designed and used to align the samples, the US
probe, and the fiber bundle, and to optimize the PA and US acqui-
sition. For sPA imaging, the laser was tuned from 500 nm to
1,300 nm in increments of 5 nm. The total laser pulse power at each
wavelength was measured and recorded in real-time with the
build-in optical power sensing system for calibration of the PA
spectral data during post-processing.

Sample material and tissue preparation

In this study, cartilages from 15 human condyles were used,
originating from nine patients (4 male and 5 female, aged between
52 and 80 years, and did not receive prior cartilage surgeries in
these joints) that underwent total knee arthroplasty at M�axima
Medical Center, Eindhoven, the Netherlands, (The use of this tissue
was approved by the Local Medical Ethical Committee METC,
number N16.148. The Medical Ethical Committee of Maxima
Medical Center declared that the rules laid down in Medical
Research Involving Human Subjects Acts (WMO) do not apply to
this project. The institutional review board approved the execution
of this project (N16.148)). All human cartilage samples were
wrapped with a sterile gauze moderately soaked in phosphate
́(a) schematic of the PA/US imaging setup for
wn in the dashed black box. (b) The photo of a
ded in cement and measures were carved in the
ple and histology.
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buffered saline (PBS) solution and placed in a sterile jar while
transported from operation room to the lab. Finally, the samples
were sealed in a plastic bag and stored at �20�C until further
processing.

Before ex vivo PA/US imaging, all the human samples were
thawed at room temperature and a single freezeethaw cycle would
not affect the structure of the sample25. Next, the samples were
prepared by removing surrounding excess tissue (e.g., fat, tendon,
andmuscle fragments) and then rinsing with saline tomake a clean
cartilage surface for imaging. Afterwards, the samples (most sam-
ples are tibia due to their flatter surface for relatively easy align-
ment between light illumination and US receiving in experiments)
were embedded in cement in a petri dish to avoid floating of the
sample during the measurements. An example of a prepared
cartilage sample is shown in Fig. 1(b). A row of 2 mm spaced marks
were carved in the cement on one side to scale and register the PA/
US images to the sample and future histology.

Ex vivo sPA/US imaging acquisition and data processing

Human cartilage samples were imaged in a PBS bath at room
temperature. To minimize the light attenuation due to water ab-
sorption, the fiber bundle output was placed always at around
5 mm ± 2 mm above the cartilage sample surface during the
measurements. The imaging acquisition sequence consists of US
plane wave imaging transmitted at seven different angles, evenly
spaced between �18 and 18�, followed by PA imaging at the
spectral range between 500 nm and 1,300 nm for the increments
given (the temperature rise in the tissue was below 1�C during
measurements). To improve the signal-to-noise of the PA data, PA
signals were acquired and averaged over 30 pulses for each
wavelength. We acquired sPA/US imaging datasets at two or three
different locations for each human cartilage sample and the data
Fig. 2
An example of an US and PA image of a human cartilage s
B-mode image and (b) corresponding PA image of the c
cartilage tissue at a spectral range of (c) 500 nme700 nm
acquisition time was about 15 min per scanning location. In total,
from 15 cartilage samples, 39 sPA/US data acquisitions were ac-
quired from distinct areas in the cartilage, and included in this
study.

The acquired PA data were reconstructed using a pixel-based
beamforming algorithm (Verasonics, Kirkland,WA, USA), calibrated
to correct for differences in optical power, and compensated for
water absorption26. Local PA spectra were extracted by averaging
the processed PA data within user-defined small regions of interest
(ROIs), which were selected inside the cartilage area and with good
PA signals, see Fig. 2(b), and denoised with a SavitzkyeGolay filter
(window size of 35 nm). Finally, the PA spectra were normalized to
its maximum value for display. At least six local PA spectra were
extracted and then averaged from one PA acquisition. In total, 240
local spectral datasets contributing to 39 mean PA spectra were
included in this study.

Histological processing and validation

After ex vivo measurement, imaged cartilage samples
were sawed into small pieces of about ±2 mm around the
imaging planes. with a few mm bone beneath the cartilage to
reduce the duration of decalcification. These samples were
fixed in 10% formalin for at least 24 h and then decalcified in
10% formic acid (SigmaeAldrich, St. Louis, USA) for approxi-
mately 7 days. Afterwards, samples were placed in a tissue pro-
cessor (STP 120, MICROM, Walldorf, Germany) for dehydration,
clearing, and wax infiltration. Subsequently, all samples were
embedded in paraffin, sliced into series of 5 mm thick slides, and
stained with Picrosirius Red to visualize collagen, and Alcian Blue
to visualize PG.

To evaluate the cartilage samples, the modified Mankin histo-
pathology scoring system was used27. This score includes three
ample and its corresponding PA spectra. (a) US
artilage sample. The normalized PA spectra of
and (d) between 710 nm and 1,300 nm.
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1,185:850 1,185:980

Least damaged >2 >1.5
Medium damaged 0.5e2 0.8e1.5
Most damaged <0.5 <0.8

Table I

Rations between PA re-
sponses at 1,185, 850 and
980 nm and the cut-off
thresholds to group different
cartilage damage levels

Osteoarthritis
andCartilage
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grades: structure, cellularity, and PG staining. Tidemark integrity
was excluded due to the removal of the bone during the tissue
processing28. Three qualified and blinded observers scored the
Fig. 3
PA spectra of human cartilage samples at different damage
Alcian blue staining of the cartilage samples. The aver
standard deviation at a spectral range of 500 nme700 nm
histological images of all samples following the same scoring
criteria as listed by Moody et al.28.

PA characterization of cartilage damage

In all the PA spectra acquired from different human cartilage
samples, spectral differences such as the overall spectral shape,
slope, and the PA responses at certain wavelengths were observed
and analyzed. These spectral differences may relate to a different
cartilage damage status. To investigate this, the following approach
was performed:

First, we divided the cartilage samples roughly into three groups
based solely on their PA spectral features. As hypothesized, we used
the presence of collagen spectral features, which are the decreasing
spectral curve in the visible spectral range (500e700 nm) and a
clear local spectral peak at around 1,185 nm29, as primary criteria to
separate all mean PA spectra (N ¼ 39). In this way, the PA spectra
with all collagen features present (similar to collagen spectra) were
separated into one group (N¼ 11), while the PA spectrawithout any
collagen features were in another group (N ¼ 13), and the
status. (a)e(c) picrosirius red staining and (d)e(f)
aged cartilage PA spectra and corresponding
(g)e(i) and of 710 nme1,300 nm (j)e(l).
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Fig. 4

Comparison of cartilage damage characterization results based on the modified Mankin scores and two
subgrades vs the damage grade based on automatical PA spectra grouping. Box-and-whisker plots
grouping (a) the structure subgrades; (b) PG staining subgrades, and (c) modified Mankin scores of all
samples for different levels of cartilage damage assessed by sPA imaging.
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remaining PA spectrawith only part of the collagen features were in
the third group (N ¼ 15). Next, based on the observed PA spectral
difference between different groups, we implemented an auto-
matic PA spectra grouping by application of thresholding to the
calculated ratios between the PA responses at 1,185 and 850 nm, as
well as the responses at 1,185 and 980 nm, see Table I. The cut off
thresholds were chosen based on the average of all the analyzed PA
spectra.

Secondly, after separating the samples using the above auto-
matic PA spectra grouping, we compared the corresponding
modified Mankin scores and the subgrades (structure and PG
staining) between these groups to explore the relationship be-
tween the PA spectra and cartilage damage. A Kruskal wallis test
was performed to examine the significant differences in modified
Mankin scores between PA groups.

Finally, the potential of PA imaging was demonstrated by
generating damage maps of the cartilage damage. First, we marked
the cartilage region in PA images by using their co-registered US
data. With all PA data inside the cartilage region, we applied the
aforementioned automatic PA spectra grouping to determine
cartilage damage status.
Results

PA spectra of cartilage tissue

An example of the PA and US images obtained in a cartilage
sample are shown in Fig. 2. In the US image [Fig. 2(a)], the cartilage
region boundaries were marked with red curves. The PA spectra
from the superficial cartilage layer were extracted from six different
ROIs as indicated in the blue box in Fig. 2(b). As seen in Fig. 2(c) and
(d), the local PA spectra were similar in pattern, demonstrating the
consistency of the PA results, which may also indicate that the
morphology of the cartilage tissue is consistent throughout this
part of the sample.
Characterization of cartilage damage with sPA imaging

Typical PA spectra for the three different groups, which are
separated based on the PA spectral features only, are shown in
Fig. 3. Additionally, their corresponding histological staining results
are shown. Comparison of these PA spectra and the histological
staining reveals a correlation between PA spectral features and the
cartilage damage stage:

1) The least damaged cartilage samples generally have a relatively
smooth surface and almost no loss in PG content, indicated by
Alcian blue staining. The PA spectra reveal that the dominant
absorbing constituents are water (PA spectral peaks at 980 nm)
and collagen (decreasing spectral curve in the visible spectral
range (500e700 nm) and a clear local spectral peak at around
1185 nm).

2) In the more damaged cartilages, the histological staining shows
alterations in the tissue [Fig. 3(b)], resulting in a rough and
sometimes fractured surface as well as a severe loss in proteo-
glycan content [Fig. 3(b) and (c)]. The PA spectra gradually lose
the spectral features found in the undamaged cases, specifically
the absence of the collagen featured spectral peaks located at
around 980 and 1,185 nm as well as the change in PA spectral
slope in the visible range [Fig. 3(j) and (l)]29. These spectral
changes suggest the loss of balance between collagen and water
content in cartilagewhichmay be caused by the deterioration of
the collagen network as the cartilage damage progresses.

mailto:Image of Fig. 4|tif


Fig. 5

Cartilage damage characterization with sPA imaging. (a) B-mode US image and (b) PA imaging of the
cartilage sample. The PA spectra of the cartilage at the spectral ranges of (c) 500 nme700 nm and (d)
710 nme1,300 nm. (e) Local cartilage damage map based on sPA imaging. The less damaged part is
indicated in green whereas the more damaged part is indicated in red; (f) Picrosirius red staining and (g)
Alcian bule staining of the cartilage sample.
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3) We group and characterize the PA spectra which hardly present
any of the aforementioned collagen features as the most
damaged group.

The corresponding modified Mankin scores (ICC ¼ 0.827) and
the subgrades of the aforementioned three levels of cartilage
damage (least, medium and most damaged), classified using
automatic PA spectra grouping, are shown in Fig. 4. In the figure,
although with considerable spread and significant overlap between
distributions, the modified Mankin scores and two subgrades
generally increase from group to group, indicating the increased
damage in cartilage (the mean and stand deviation of the modified
Mankin scores for the three groups are 1.79 ± 0.88, 2.75 ± 1.07 and
3.5 ± 0.96 respectively, which are statistically different (p < 0.05)).

Local monitoring of cartilage damage by sPA imaging

sPA imaging was used for a local assessment of the cartilage
status. An example of sPA based cartilage characterization is shown
in Fig. 5. In Fig. 5(c) and (d), by comparison of the PA spectra ob-
tained from the left (blue curves) and right (green curves) hand side
of the cartilage, spectral differences are visible. Based on the pre-
viously observed PA spectral contrast between different levels of
cartilage damage, a damage map was generated [Fig. 5(e)], clearly
indicating that based on sPA imaging, the right part of the cartilage
is more damaged. This observation is confirmed by the histological
staining results [Fig. 5(f) and (g)].
Potential cartilage delamination detection

Cartilage delamination is defined as a sharply marginated
cartilage defect or flap, and is highly clinically relevant. It can in-
fluence the treatment plan, especially when dedicated instru-
mentation and implants are required30. Therefore, accurate
preoperative identification of delaminated cartilage is critical, yet
challenging31.

In our PA data, we found that cartilage samples with delami-
nation present a unique PA spectral pattern, which can be used to
detect cartilage delamination lesions. An example is given in Fig. 6.
In this figure, the overall PA spectra from the delamination lesions
are relatively similar to the spectra from the less damaged cartilage
[Fig. 6(f)e(g)]. However, intensity of PA signals in the delamination
lesion is generally much lower, which can be depicted from the
comparison of Fig. 6(f) and (g). Moreover, the PA response at
1,180 nm is significantly reduced, almost to the same level of the PA
response at 980 nm.
Discussion and conclusion

In this study, we investigated the sPA properties of damaged
human cartilage ex vivo and compared the results to histological
assessment. We observed the absence of collagen spectral features
as cartilage damage progressed, and used these spectral changes to
determine the damage status. Moreover, we explored the

mailto:Image of Fig. 5|tif


Fig. 6

Cartilage delamination detection with sPA imaging. (a) Picrosirius red staining and (b) Alcian blue staining of
the cartilage sample; (c) the overlaid PA and US image of the cartilage with delamination; The PA spectra
extracted from the delamination region (indicated with green box in figures) at the spectral range of (d)
500 nme700 nm and (e) 710 nme1,300 nm. (f) the PA image of the cartilage delamination and (g) PA image
of a cartilage sample with the least damage.
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possibility to automatically track cartilage damage and presented
the results as a damage map based on 3 wavelengths. The sPA-
based damage characterization in general agrees with modified
Mankin scores and the individual subgrades, demonstrating the
capability of sPA imaging to characterize the cartilage damage
(including cartilage delamination). And by scanning the entire
cartilage, sPA can provide a complete and more detailed picture of
the cartilage damage status. For a better validation of the sPA re-
sults, we could include the comparison with another imaging
modality, such as MRI, which will be considered for future studies.

Please note that the modified Mankin scores in the PA classified
groups are with a relatively large standard deviation and there is
significant overlap between groups. This may have various reasons.
First, the cartilage samples were from a continuous spectrum of
the disease in patients. Consequently, some are borderline be-
tween OA grades. Second, histological scoring is very difficult
because there may be significant variation in OA grade between
different locations in one histological slice (e.g., Fig. 5(f)). Third,
possible mismatch (<2 mm) between locations of the histological
slice and the imaging acquisition may cause differences in the
assessment of cartilage damage. Although other histological
scoring systems such as OARSI may be more robust than Mankin, it
would not take away any of the above problems. Despite the above
effects, both techniques still result in comparable classifications of
OA grades32.

Different from the modified Mankin scoring which is observer
dependent and thus subjective32, sPA imaging can assess the
damage status objectively. Potentially, sPA imaging can be readily
applied in vivo in combination with, or as an alternative to
arthroscopy to determine the quality of cartilage in detail. To this
end, a design similar to an intravascular PA imaging catheter could
be developed33,34. Compared to other imaging modalities that have
been proposed to integrate with arthroscopy, such as OCT35 and
NIRs6,36, sPA imaging has a deeper penetration depth and can
sustain a high resolutionwithin the entire field of view14. Moreover,
due to the relatively shallow location of cartilage, it might even be
possible to image cartilage damage non-invasively as light can
penetrate deeper than 5 mm through skin at wavelengths above
800 nm37. This would then allow non-invasive follow-up mea-
surements of damage progression or repair process after treatment
over time, which would be of great clinical importance. Designing a
PA probe for non-invasive, transcutaneous cartilage image is
therefore a major clinically relevant objective for future research.
Besides, for a in vivo application, the sPA imaging speed can be
significantly (>1,000 times) increased by using a limited number of
wavelengths and a fast pulse laser source (~kHz), such as diode
lasers.

In this work, we mainly focused on the PA spectral changes and
their relation to different levels of cartilage damage. However, we
roughly grouped cartilage damage in three different levels simply
by the thresholding of ratios between PA responses at 3 wave-
lengths. With some advanced methods, such as model-based or
stochastic spectral unmixing techniques, it might be possible to
identify more inter-medium cartilage damage, although more
wavelengths would be required. Moreover, some other PA features
were observed which may facilitate the characterization of the

mailto:Image of Fig. 6|tif


Fig. 7
B-mode US and PA image of a cartilage sample; (a) and (b) are the US and PA image of a less damaged
cartilage tissue; (c) and (d) are the US and PA image of a more damaged cartilage. In all figures, the blue
arrow indicates the cartilage surface.
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cartilage damage as well. For instance, the PA signal generated from
the less damaged cartilage tissue generally has a higher signal to
noise ratio and appears as a smooth and continuous surface, while
the PA signals originating from more damaged tissue are more
noisy and the surface is more irregular (Fig. 7).

In this study, cartilage damage was characterized using the PA
spectral features extracted from 15 human cartilage samples. It is
possible that more PA spectral features exist, which could not be
identified with this dataset. Once a large dataset of healthy and
diseased tissue is available, deep learning techniques could also be
employed for PA spectral unmixing and tissue characterization
purposes. These are however future steps and beyond the scope of
the current study. Regardless, the presented method was already
able to identify different stages of OA in agreement with histolog-
ical assessments. Another limitation is that PA spectral data from
healthy human cartilage were not obtained as a control reference
due to the practical unavailability of such samples. Healthy animal
cartilage is easier accessible. However, these samples may not be
representative for human tissue since they are usually obtained
from young animals and have not adapted and aged as the case in
adult humans.

We explored sPA imaging on cartilage tissue only with a US
probe at a center frequency of 7.5MHz in the study. It would be very
insightful to perform US imaging at a higher center frequency and
broader bandwidth. By doing so, the imaging resolution can be
improved and the layered structures of the cartilage can be visu-
alized and studied during cartilage damage progression.

The subchondral bone was removed from the samples for
practical reasons in this study, and was thus not available for
further analysis. However, it is well known that OA also involves
changes in the subchondral bone, even in early stages38. In PA
images, the subchondral bone is visible in a certain spectral range,
making it possible to track its composition changes as well. Hence, a
future study on sPA imaging of subchondral bone could be bene-
ficial and improve the understanding of OA pathogenesis.
Moreover, since PA imaging is very sensitive to very sensitive to
endogenous contrast, such as hemoglobin, lipid and collagen39. and
can be potentially used to visualize blood supply, the fibrous
capsular layer, the meniscus and cruciate ligament grafts of the
joint, which may be an interesting future study.

In summary, we have explored the PA properties of human
cartilage tissue with sPA imaging in a wide optical spectral range
(from 500 to 1300 nm). We have demonstrated that spectral PA
changes are related to different degrees of cartilage damage, which
was verified by histology. This study demonstrates the potential of
sPA imaging as a promising tool to detect and characterize cartilage
damage objectively and robustly. Ultimately, sPA may become a
new alternative, cost-effective imaging modality that can aid in the
early diagnosis of OA, monitoring of cartilage damage progression,
and thus making a better decision of the treatment.

Authors' contributions
MinWu, Richard Lopata and Corrinus.C. van Donkelaar participated
in conceiving this study. Min Wu and Bente van Teeffelen per-
formed the experiments and data analysis. Rob Janssen provided all
the human cartilage specimens and clinical input. All authors dis-
cussed the results and contributed to drafting this manuscript. All
authors read and approved the final manuscript.

Competing interests
The Author(s) declare(s) that there is no conflict of interest.

Acknowledgement

We thank Maria Pastrama for her help with Mankin scoring all
the cartilage damage samples in this study. We also thank Jurgen
Bulsink for his help with designing and fabricating the position
system for our experiments. Both are from the Dept. of Biomedical
Engineering, Eindhoven University of Technology. This work is
funded in part by the 4TU Precision Medicine program supported

mailto:Image of Fig. 7|tif


M. Wu et al. / Osteoarthritis and Cartilage 29 (2021) 1071e1080 1079
by High Tech for a Sustainable Future, a framework commissioned
by the four Universities of Technology of the Netherlands.

References

1. Man GS, Mologhianu G. Osteoarthritis pathogenesis - a com-
plex process that involves the entire joint. J Med Life
2014;7(1):37e41.

2. Giri S, Santosha, Singh CAK, Datta S, Paul V, Masatvar P, et al.
Role of arthroscopy in the treatment of osteoarthritis of knee.
J Clin Diagn Res 2015;9(8). RC08e11.

3. Bousson V, Lowitz T, Laouisset L, Engelke K, Laredo JD. CT
imaging for the investigation of subchondral bone in knee
osteoarthritis. Osteoporos Int 2012;23(8 Suppl):861e5.

4. Novakofski KD, Pownder SL, Koff MF, Williams RM, Potter HG,
Fortier LA. High-resolution methods for diagnosing cartilage
damage in vivo. Cartilage 2016;7(1):39e51.

5. Afara IO, Hauta-Kasari M, Jurvelin JS, Oloyede A, T€oyr€as J.
Optical absorption spectra of human articular cartilage corre-
late with biomechanical properties, histological score and
biochemical composition. Physiol Meas 2015;36(9):1913.

6. O'Malley MJ, Chu CR. Arthroscopic optical coherence tomog-
raphy in diagnosis of early arthritis. Minim Invasive Surg
2011;2011(April).

7. Spahn G, Plettenberg H, Kahl E, Klinger HM, Mückley T,
Hofmann GO. Near-infrared (NIR) spectroscopy. A new
method for arthroscopic evaluation of low grade degenerated
cartilage lesions. Results of a pilot study. BMC Muscoskel
Disord 2007;8:1e9.

8. Kinnunen J, Saarakkala S, Hauta-Kasari M, Vahimaa P,
Jurvelin JS. Optical spectral reflectance of human articular
cartilage e relationships with tissue structure, composition
and mechanical properties. Biomed Opt Express 2011;2(5):
1394.

9. Braun HJ, Gold GE. Diagnosis of osteoarthritis: imaging. Bone
2012;51(2):278e88.

10. Bevers K, Bijlsma JW, Vriezekolk JE, van den Ende CH, den
Broeder AA. Ultrasonographic features in symptomatic osteo-
arthritis of the knee and relation with pain. Rheumatol
2014;53(9):1625e9.

11. Xiao J, Yao L, Sun Y, Sobel ES, He J, Jiang H. Quantitative two-
dimensional photoacoustic tomography of osteoarthritis in the
finger joints. Opt Express 2010;18(14):14359.

12. Beard P. Biomedical photoacoustic imaging. Interface Focus
2011;1(4):602e31.

13. Cox B, Laufer JG, Arridge SR, Beard PC. Quantitative spectro-
scopic photoacoustic imaging: a review. J Biomed Opt
2012;17(6), 061202.

14. Lihong VW, Song H. Photoacoustic tomography: in vivo im-
aging from organelles to organs. Science 2012;335(6075):
1458e62.

15. Lei H, Johnson LA, Liu S, Moons DS, Ma T, Zhou Q, et al.
Characterizing intestinal inflammation and fibrosis in Crohn's
disease by photoacoustic imaging: feasibility study. Biomed
Opt Express 2016;7(7):2837.

16. Wu M, Springeling G, Lovrak M, Mastik F, Rizk SI, Wang T, et al.
Real-time volumetric lipid imaging in vivo by intravascular
photoacoustics at 20 frames per second. Biomed Opt Express
2017;8(2):156e9.

17. Manohar S, Razansky D. Photoacoustics: a historical review.
Adv Opt Photon 2016;8(4).

18. Hagiwara Y, Izumi T, Yabe Y, Sato M, Sonofuchi K, Kanazawa K,
et al. Simultaneous evaluation of articular cartilage and sub-
chondral bone from immobilized knee in rats by photoacoustic
imaging system. J Orthop Sci 2015;20(2):397e402.
19. Jo J, Xu G, Marquardt A, Girish G, Wang X. Photoacoustic
Evaluation of Human Inflammatory Arthritis in Human Joints
2017. 1006409(March):1006409.

20. Wang Y, Thompson JM, Ashbaugh AG, Khodakivskyi P,
Budin G, Sinisi R, et al. Preclinical evaluation of photoacoustic
imaging as a novel noninvasive approach to detect an
orthopaedic implant infection. J Am Acad Orthop Surg
2017;25(February):S7eS12.

21. Xiao S, Tang Y, Lin Y, Lv Z, Chen L. Tracking osteoarthritis
progress through cationic nanoprobe-enhanced photoacoustic
imaging of cartilage [Internet]. Acta Biomater 2020;109:
153e62, https://doi.org/10.1016/j.actbio.2020.04.001. Avail-
able from:.

22. Henao-Murillo L, Ito K, van Donkelaar CC. Collagen damage
location in articular cartilage differs if damage is caused by
excessive loading magnitude or rate. Ann Biomed Eng
2018;46(4):605e15.

23. Stoop R, van der Kraan PM, Buma P, Hollander AP, Poole AR,
van den Berg WB. Denaturation of type II collagen in articular
cartilage in experimental murine arthritis. Evidence for
collagen degradation in both reversible and irreversible
cartilage damage [Internet]. J Pathol 1999 Jul;188(3):329e37,
https://doi.org/10.1002/(SICI)1096-9896(199907)188:3<329::
AID-PATH371>3.0.CO;2-B. Available from:.

24. Broom N, Chen MH, Hardy A. A degeneration-based hypothesis
for interpreting fibrillar changes in the osteoarthritic cartilage
matrix. J Anat 2001;199(6):683e98.

25. Changoor A, Fereydoonzad L, Yaroshinsky A, Buschmann MD.
Effects of refrigeration and freezing on the electromechanical
and biomechanical properties of articular cartilage. J Biomech
Eng 2010;132(6):1e6.

26. Hale GM, Querry MR. Optical constants of water in the 200-nm
to 200-mm wavelength region. Appl Opt 1973;12(3):555.

27. Rout R, McDonnell S, Benson R, Athanasou N, Carr A, Doll H,
et al. The histological features of Anteromedial Gonarthrosis -
the comparison of two grading systems in a human phenotype
of osteoarthritis. Knee 2011;18(3):172e6.

28. Moody HR, Heard BJ, Frank CB, Shrive NG, Oloyede AO.
Investigating the potential value of individual parameters of
histological grading systems in a sheep model of cartilage
damage: the Modified Mankin method. J Anat 2012;221(1):
47e54.

29. Sekar SKV, Bargigia I, Mora AD, Taroni P, Ruggeri A, Tosi A,
et al. Diffuse optical characterization of collagen absorption
from 500 to 1700 nm. J Biomed Opt 2017;22(1). 015006.

30. Pfirrmann CWA, Duc SR, Zanetti M, Dora C, Hodler J. MR
arthrography of acetabular cartilage delamination in femo-
roacetabular cam impingement. Radiology 2008;249(1):
236e41.

31. Exhibit S, Mcgow AIK, Yoshioka H, Watanabe A, Bryant T. MRI
classification of native articular cartilage delamination within
the knee. European Congress Radiol 2010:1e17.

32. Pauli C, Whiteside R, Las Heras F, Nesic D, Koziol J, Grogan SP,
et al. Comparison of cartilage histopathology assessment sys-
tems on human knee joints at all. Osteoarthritis Cartilage June
2012;20(6):476e85. 2013;20(6):476e85.

33. Iskander-Rizk S, Wu M, Springeling G, Mastik F, Beurskens R,
van der Steen AFW, et al. Catheter design optimization for
practical intravascular photoacoustic imaging (IVPA) of
vulnerable plaques. Int Soci Optics Photonics 2018:1047111
(February 2018):36.

34. Wu M, Jansen K, Springeling G, van der Steen AFW, van
Soest G. Impact of device geometry on the imaging charac-
teristics of an intravascular photoacoustic catheter. Appl Opt
2014;53(34):8131.

http://refhub.elsevier.com/S1063-4584(21)00690-7/sref1
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref1
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref1
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref1
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref2
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref2
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref2
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref2
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref3
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref3
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref3
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref3
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref4
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref4
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref4
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref4
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref5
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref6
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref6
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref6
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref7
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref8
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref9
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref9
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref9
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref10
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref10
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref10
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref10
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref10
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref11
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref11
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref11
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref12
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref12
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref12
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref13
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref13
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref13
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref14
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref14
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref14
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref14
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref15
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref15
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref15
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref15
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref16
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref16
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref16
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref16
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref16
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref17
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref17
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref18
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref18
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref18
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref18
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref18
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref19
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref19
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref19
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref20
https://doi.org/10.1016/j.actbio.2020.04.001
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref22
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref22
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref22
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref22
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref22
https://doi.org/10.1002/(SICI)1096-9896(199907)188:3<329::AID-PATH371>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1096-9896(199907)188:3<329::AID-PATH371>3.0.CO;2-B
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref24
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref24
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref24
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref24
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref25
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref25
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref25
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref25
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref25
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref26
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref26
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref27
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref27
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref27
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref27
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref27
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref28
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref29
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref29
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref29
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref30
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref30
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref30
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref30
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref30
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref31
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref31
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref31
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref31
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref32
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref33
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref33
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref33
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref33
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref33
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref34
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref34
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref34
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref34


M. Wu et al. / Osteoarthritis and Cartilage 29 (2021) 1071e10801080
35. Niemel€a T, Vir�en T, Liukkonen J, Argüelles D, te Moller NCR,
Puhakka PH, et al. Application of optical coherence
tomography enhances reproducibility of arthroscopic
evaluation of equine joints. Acta Vet Scand 2014;56
(December):3.

36. Sarin JK, te Moller NCR, Mancini IAD, Brommer H, Visser J,
Malda J, et al. Arthroscopic near infrared spectroscopy en-
ables simultaneous quantitative evaluation of articular
cartilage and subchondral bone in vivo. Sci Rep 2018;8(1):
1e10.
37. Barun VV, Ivanov AP, Volotovskaya AV, Ulashchik VS. Ab-
sorption spectra and light penetration depth of normal and
pathologically altered human skin. J Appl Spectrosc
2007;74(3):430e9.

38. Stewart HL, Kawcak CE. The importance of subchondral bone
in the pathophysiology of osteoarthritis. Front Vet Sci
2018;5(AUG):1e9.

39. Shrestha B, Deluna F, Anastasio MA, Yong Ye J, Brey EM.
Photoacoustic imaging in tissue engineering and regenerative
medicine. Tissue Eng B Rev 2020;26(1):79e102.

http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref35
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref36
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref37
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref37
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref37
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref37
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref37
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref38
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref38
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref38
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref38
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref39
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref39
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref39
http://refhub.elsevier.com/S1063-4584(21)00690-7/sref39

	Spectroscopic photoacoustic imaging of cartilage damage
	Introduction
	Method and material
	Imaging setup
	Sample material and tissue preparation
	Ex vivo sPA/US imaging acquisition and data processing
	Histological processing and validation
	PA characterization of cartilage damage

	Results
	PA spectra of cartilage tissue
	Characterization of cartilage damage with sPA imaging
	Local monitoring of cartilage damage by sPA imaging
	Potential cartilage delamination detection

	Discussion and conclusion
	Authors' contributions
	Competing interests
	Acknowledgement
	References


