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Introduction

Clinical diagnostics of cartilage and subchondral lesions in 
the shoulder joint are currently performed via physical 
examination, and noninvasively by radiographic and mag-
netic resonance imaging (MRI). These methods are fairly 
poor in detecting lesions at their early stages. Conventional 
arthroscopic surgery is an invasive technique, but enables 
direct inspection of the cartilage surface. However, diagno-
sis of chondral defects in arthroscopy is based on qualitative 
and subjective visual appraisal, with subsurface changes in 
tissue structure often remaining undetectable. Furthermore, 
the outcome of arthroscopic evaluation is influenced by the 
operating surgeon’s experience, with the majority of experi-
enced orthopaedic surgeons finding it difficult to distinguish 
between high- and low-grade cartilage damage,1,2 indicating 

the need for quantitative and objective measures of carti-
lage integrity.1 In addition, the ongoing development of car-
tilage repair techniques and novel approaches for 
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Abstract
Objective. Accurate arthroscopic evaluation of cartilage lesions could significantly improve the outcome of repair surgery. 
In this study, we investigated for the first time the potential of intra-articular ultrasound as an arthroscopic tool for 
grading cartilage defects in the human shoulder joint in vivo and compared the outcome to results from arthroscopic 
evaluation and magnetic resonance imaging findings. Design. A total of 26 sites from 9 patients undergoing routine shoulder 
arthroscopy were quantitatively evaluated with a clinical intravascular (40MHz) ultrasound imaging system, using the regular 
arthroscopy portals. Reflection coefficient (R), integrated reflection coefficient (IRC), apparent integrated backscattering 
(AIB), and ultrasound roughness index (URI) were calculated, and high-resolution ultrasound images were obtained per 
site. Each site was visually graded according to the International Cartilage Repair Society (ICRS) system. “Ultrasound 
scores” corresponding to the ICRS system were determined from the ultrasound images. Magnetic resonance imaging 
was conducted and cartilage integrity at each site was classified into 5 grades (0 = normal, 4 = severely abnormal) by a 
radiologist. Results. R and IRC were lower at sites with damaged cartilage surface (P = 0.033 and P = 0.043, respectively) 
and correlated with arthroscopic ICRS grades (r

s
 = −0.444, P = 0.023 and r

s
 = −0.426, P = 0.03, respectively). Arthroscopic 

ICRS grades and ultrasound scores were significantly correlated (rs = 0.472, P = 0.015), but no significant correlation was 
found between magnetic resonance imaging data and other parameters. Conclusion. The results suggest that ultrasound 
arthroscopy could facilitate quantitative clinical appraisal of articular cartilage integrity in the shoulder joint and provide 
information on cartilage lesion depth and severity for quantitative diagnostics in surgery.
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pharmacological intervention aiming at slowing down or 
reversing osteoarthritis progression requires more sensitive 
methods of visualising and quantifying the effectiveness of 
the treatments protocols in vivo.3,4

Ultrasound imaging has been proposed as a potential 
method to meet these needs.5-12 With ultrasound, quantita-
tive evaluation of articular cartilage integrity,11,12 surface 
roughness and composition is possible.13-23,26 We recently 
introduced an ultrasound arthroscopy technique for clinical 
assessment of articular cartilage and subchondral bone 
integrity.11 In this technique, a high-frequency (40 MHz) 
intravascular ultrasound (IVUS) catheter is applied into the 
joint space under arthroscopic guidance. As no artifacts due 
to overlying soft tissue are present, the joint surface can be 
imaged with high spatial resolution. Furthermore, ultra-
sound arthroscopy enables imaging of patella cartilage, 
which is not possible with external ultrasound imaging. 
Additionally, the IVUS system provides higher imaging 
resolution (spatial resolution of ~80 μm24) than the existing 
conventional clinical imaging modalities.

Articular cartilage thickness determined in vitro with an 
IVUS system has been shown to correlate strongly with the 
thickness determined with a reference ultrasound device.25 
This enables accurate scoring of cartilage lesions, unlike 
conventional arthroscopy which provides no information on 
cartilage thickness. Quantitative ultrasonic measurements 
of human articular cartilage have been conducted in vivo 
during arthroscopy,27-30 and the potential of ultrasound 
arthroscopic imaging has been investigated in human knee 
joints.12 However, the suitability of this technique for 
arthroscopy of the shoulder, a more restricted joint, has not 
been evaluated. In addition, the shoulder is a common site 
of chronic joint pain, and the third most common joint31 to 
require surgical reconstruction after the knee and hip. The 
aim of this study is to evaluate the potential of quantitative 
high-frequency ultrasound arthroscopy for the diagnosis of 
cartilage defects in the human shoulder joint. Hence, we 
hypothesized that quantitative ultrasound arthroscopy is 
capable of detecting and grading articular cartilage defects 
in human shoulder joints in vivo.

Patients and Methods

Nine patients (8 males, 1 female) undergoing shoulder 
arthroscopy were enrolled in the present study (Table 1). 
The average age of the patients was 52.8 (range 36-71) 
years. All measurements were done with permission from 
the National Agency for Medico-Legal Affairs, Helsinki, 
Finland (permission no.: Dnro103/13/03/02/09). Informed 
consents were also obtained from each patient. The study 
was in compliance with the guidelines of the host institu-
tion. Patients were examined clinically before arthros-
copy and the shoulder joints were imaged with X-ray and 
MRI.

The indication for arthroscopy was longstanding shoul-
der pain, impingement syndrome or rotator cuff rupture. 
After routine shoulder arthroscopy, arthroscopic ultrasound 
examination was carried out using the same portals. 
Articular surfaces of the humeral head and glenoid were 
classified by the operating surgeon according to the 
International Cartilage Repair Society (ICRS) grading  
system32 (Table 2).

Ultrasound imaging was performed using an IVUS cath-
eter (diameter = 1 mm) consisting of a miniature unfocused 
high-frequency (40 MHz) ultrasound transducer attached to 
the tip of a rotating wire (30 rounds/s) and connected to a 
main measurement unit (ClearView Ultra, Boston Scientific 
Corporation, Boston, MA, USA). The ultrasound catheter 
was inserted into the shoulder joint through a shielding tube 
and directed to the location of interest on the articular surface 
under arthroscopic view. The proximal head of the humerus 
and glenoidal fossa of the scapula were evaluated (Fig. 1). 
Cartilage thickness was estimated based on the number of 
pixels between the surface and the cartilage-bone interface.

The space in the shoulder joint cavity is quite small, 
making it difficult to manipulate the catheter tip during 
arthroscopy. Because of the small distances, the possibility 
of error in locating the exact site for ultrasound imaging 
depended on lesion severity. In diffuse (broad) lesions, this 
error was a few millimeters; but in focal lesions, the mea-
surement site was easily located with better accuracy under 
arthroscopic control. In sites with diffuse lesions, cartilage 
degeneration was graded based on region of interest on the 
joint surface, rather than a particular location, therefore 
minimizing the error in the arthroscopic grade of the mea-
sured site. During the procedure, ultrasound images and 
radiofrequency ultrasound signals were acquired from a 
total of 26 sites. Quantitative ultrasound parameters were 
calculated from the radiofrequency signals.

During signal acquisition, the angle of incidence between 
the articular surface and the direction of the ultrasound 
beam was adjusted manually in order to maximize the 
amplitude of the ultrasound reflection. This was done by 
observing the brightness of the articular surface on the mon-
itor of the main unit. At every measurement site, three suc-
cessive measurements were conducted and the best 
measurement (one with the best perpendicularity between 
the articular surface and the incident ultrasound signal) was 
chosen for calculation of the quantitative ultrasound param-
eters. Already established quantitative ultrasound parame-
ters including ultrasound reflection coefficient (R),14 
integrated reflection coefficient (IRC),18 apparent integrated 
backscatter (AIB),18 and ultrasound roughness index (URI)14 
were calculated offline using custom-made functions 
embedded in LabView software.33

In addition to the ultrasound data, digital video (Fig. 1) 
was recorded through the arthroscope (30°, diameter = 4 mm, 
Telecam SL PAL, Karl Storz GmbH, Tuttlingen, Germany). 
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The video was used as reference to confirm the ICRS grade 
assigned to the cartilage surface at each site by the operating 
surgeon. The operating surgeon examined all 26 (blind coded) 
still ultrasound images and assigned ultrasound arthroscopy 

scores to them according to the system summarized in 
Table 3.

This score had similar descriptions for cartilage condi-
tion as the ICRS grading (Table 2), excluding information 

Table 1. Descriptions of Patients Involved in the Study.

Patient No. Sex, Age Case History Arthroscopic Findings

1 M, 50 Gradual progression of shoulder pain within 1 year 
with no preexisting trauma. Clinical presentation of 
AC arthrosis, subacromial impingement and SLAP 
lesion

Normal humerus and glenoid cartilage. 
Healthy rotator cuff

2 M, 61 Shoulder pain from 2006, especially at ROM above 
shoulder level. Partial relief with conservative 
treatment. MRI: subacromial bursitis, full thickness 
rupture and tendinosis of SSP tendon, tendinosis of 
SC tendon

Normal humerus and glenoid cartilage. SLAP 
2 lesion, small rupture of SSP tendon, mild 
tendonitis of LHBB

3 F, 44 Shoulder pain for 1 year after fall, shoulder distension 
injury. Clinical presentation of SLAP and rotator cuff 
lesion. MRI: SLAP lesion and thin SSP tendon

Normal humerus and glenoid cartilage. SLAP 
2 lesion, intact rotator cuff

4 M, 54 Shoulder pain for 2 years. No preexisting trauma. 
Clinical presentation of subacromial impingement 
and rotator cuff tear

Normal humerus and glenoid cartilage. 
Rupture of SSP tendon

5 M, 71 Bicycle accident 2 years prior with shoulder pain. 
Clinical presentation of rotator cuff tear and 
subacromial impingement. MRI: rupture of SSP 
tendon and downward pointing tip of acromion

Normal cartilage at centre and ICRS I-III 
lesions at periphery of humerus, superficial 
fibrillation (ICRS I) of glenoid. Rupture of 
SSP tendon

6 M, 36 Shoulder pain for 1 year after distorsion and shoulder 
luxation injury. Clinical presentation of rotator 
cuff pathology. X-ray: Hill Sachs lesion. MRI: intact 
labrum, LHBB, rupture of SSP tendon

Slight discoloration of cartilage, no fibrillation 
(ICRS I) on humerus. Normal glenoid 
cartilage. Remnant of LHBB and rupture. 
Rupture of SSP tendon

7 M, 36 Shoulder pain for 3 years. No preexisting trauma. 
Clinical presentation of AC arthrosis and 
subacromial impingement. MRI: same as Clinical 
presentation, with rupture of SSP tendon. Poor 
recovery with conservative treatment

Normal humerus and glenoid cartilage. 
SLAP 1 lesion, degenerative changes in SSP 
tendon, downward pointing tip of acromion

8 M, 61 6-year-old distorsion injury of right shoulder with 
limited abduction and flexion movements. Poor 
results with prolonged conservative treatment. 
Clinical presentation of rupture of SSP tendon, 
verified with MRI

Normal humerus and superficial roughness 
on glenoid cartilage. Rupture of the SSP 
tendon, SLAP 1 lesion

9 M, 63 Shoulder pain for 2 years without preexisting trauma. 
Clinical presentation of subacromial impingement. 
Unsatisfactory recovery with physiotherapy. MRI: 
rupture of SSP tendon

Normal humerus, and mostly normal glenoid 
cartilage with superficial fibrillation (ICRS 
I) at inferior part. SLAP 1 lesion, rupture 
of SSP tendon, downward pointing tip of 
acromion

AC = acromioclavicular; F = female; LHBB (tendon) = long head of biceps brachii (tendon); M = male; ROM = range of motion; SLAP = superior labral 
tear from anterior to posterior; SSP (tendon) = supra spinatus (tendon).

Table 2. Articular Cartilage Injury Classification According to International Cartilage Repair Society (ICRS).32

Grade Description of Articular Cartilage Condition According to ICRS Grading System

0 Normal
1 Nearly normal. Superficial lesions. Soft indentation and/or superficial fissures and cracks
2 Abnormal. Lesions extending down to <50% of cartilage depth
3 Severely abnormal. Cartilage defects extending down >50% of cartilage depth as well as down to 

calcified layer and down to but not through the subchondral bone. Blisters are included in this grade
4 Severely abnormal. Cartilage defects extending through the subchondral bone
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Table 3. Articular Cartilage Injury Classification According to 
the “Ultrasound Arthroscopy Score.”12

Grade
Description of Cartilage Condition According to the 

Ultrasound Arthroscopy Score

0 Normal
1 Nearly normal. Superficial lesions. Superficial fissures 

and cracks
2 Abnormal. Lesions extending down to <50% of 

cartilage depth
3 Severely abnormal. Cartilage defects extending down 

>50% of cartilage depth as well as down to calcified 
layer and down to but not through the subchondral 
bone. Blisters are included in this grade

4 Severely abnormal. Cartilage defects extending 
through the subchondral bone

on manual probing of cartilage. Presurgery 1.5-T MRI with 
routine clinical imaging sequences were available for 
patients 3 to 9 (Table 1). The MRI examinations for patients 
1 and 2 were performed in a private clinic and results were 
not made available for this study, they were selected for 
arthroscopy based on history, symptoms, and clinical 
findings.

A radiologist evaluated and graded the cartilage at all the 
sites for the available patients. Grading of cartilage in the 
MR images was performed as described in Table 4.34 A par-
ticular challenge encountered was associated with accu-
rately matching the location where MR images were 
obtained with the location that was graded both visually and 
using ultrasound.

To address this, the measured locations were carefully 
described in the patient records. In addition, several MR 
images of each measured location were also taken. This 
information was used to find the corresponding location in 

the MR images. ICRS scoring, MRI scoring, ultrasound 
arthroscopy, and calculation of ultrasound quantitative 
parameters were conducted by different members of the 
team blinded to the results of the other examiners.

Statistical Analysis

Since the normality distribution test was not passed by the 
parameters, the correlations between the ultrasound param-
eters (R, IRC, URI, and AIB), ICRS grade, and ultrasound 
score were determined using the Spearman’s correlation 
test. Statistical significance of differences between the 
degraded and intact sites was tested using the Mann-
Whitney U test. The level of significance was set to P < 
0.05. Statistical analyses were conducted with SPSS soft-
ware (v. 15.0, SPSS Inc., Chicago, IL).

Results

Arthroscopic ultrasound imaging of the shoulder joints 
revealed structures beneath the cartilage surface that were 
not visible in normal arthroscopic view. The subchondral 
bone layer was visible in all ultrasound images of sites with 
a lesion, making it possible to approximate cartilage thick-
ness and hence the relative depth of lesions (Figs. 1 and 2). 
With visual evaluation during arthroscopy, 9 of the 26 mea-
surement sites were assigned ICRS grades 1 to 3, while 17 
sites were categorized as intact. With arthroscopic ultra-
sound, 12 of the 26 sites exhibited structural damage of the 
tissue and 14 where classified as intact. Arthroscopic ICRS 
grades and the ultrasound grades of the 26 evaluated sites 
were significantly correlated (r

s
 = 0.472, P = 0.015).

Values of ultrasound reflection parameters (R and IRC) 
at sites with visually damaged cartilage surface (n = 9) were 
lower than the values of intact cartilage (n = 17) (P = 0.033 

Figure 1. (A) The ultrasound catheter (left) was inserted into the glenohumeral joint through a portal under arthroscopic control. 
(B) Typical ultrasound image showing both humeral and glenoidal cartilage surfaces (right), imaging was optimized for glenoidal 
cartilage.
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for R, and P = 0.043 for IRC). Surface roughness (URI) and 
backscatter (AIB) parameters measured at the damaged sites 
were not significantly different from those of intact tissue. 
Negative correlations were observed between the 
arthroscopic ICRS grade and R (r

s
 = −0.444, P = 0.023), and 

IRC (r
s
 = −0.426, P = 0.03) (Fig. 3). A slightly stronger 

negative correlation was observed between the “ultrasound 
score” and the reflection parameters (r

s
 = −0.546, P = 0.004 

for R; and r
s
 = −0.532, P = 0.005 for IRC). MRI revealed 

grade 1 cartilage damage in only 2 of the available 7 
patients. There was no significant correlation between the 
MRI grades and any of the parameters collected in this 
study.

Discussion

In this study, we demonstrated for the first time the potential 
of using ultrasound arthroscopy for diagnostics of cartilage 
lesions and osteoarthritis in the human shoulder joint in 
vivo. In addition to acquisition of high-resolution ultra-
sound images, we determined qualitative and quantitative 
ultrasound parameters which correlated with the ICRS 
grading scores, as derived from conventional arthroscopy. 
Our results are consistent with earlier studies where this 
technique was tested in vitro,11,21 in an animal joint ex 
vivo,35 and in vivo in clinical arthroscopy of the human knee 
joint.12

Arthroscopic ultrasound was found to be more effective 
in detecting early stage cartilage damage compared to the 
1.5 T routine clinical magnetic resonance imaging. MRI can 
provide a fairly accurate view of articular cartilage in the 
knee, where the tissue thickness is up to 4 mm. In the shoul-
der, however, articular cartilage is thinner, making evalua-
tion with routine clinical MRI sequences more challenging. 
This may explain the lack of correlation between MRI data 
and the other parameters obtained in this study. Hence, 
arthroscopic ultrasound is a useful complementary tech-
nique for imaging and characterizing cartilage condition 
and lesions in the shoulder and possibly in other joints with 
relatively thin cartilage during conventional arthroscopy.

Quantitative ultrasound parameters were more effective 
in discerning the extent of cartilage damage than visual 
appraisal. The surface reflection parameters (R and IRC) 
were significantly lower for damaged cartilage than for 
intact tissue, which is consistent with previous studies.12,35,36 
The “ultrasound score” yielded higher grades in 10, and 
lower grades in 2 out of the 26 cases compared to the ICRS 
grading. In 3 cases, cartilage injury could be detected with 
ultrasound, but not with conventional arthroscopy. This 
result is also in agreement with our earlier study on the 
potential of ultrasound arthroscopy for diagnosis of carti-
lage defect in the human knee joint in vivo,12 where the 
“ultrasound score” was one rank higher than the ICRS grade 

Table 4. Evaluation of Articular Cartilage Defects From 
Magnetic Resonance Images.34

Grade
Description of Cartilage Condition According to the 

Intra-articular Ultrasound Score

0 Normal
1 Nearly normal. Superficial lesions. Superficial fissures 

and cracks
2 Abnormal. Lesions extending down to <50% of 

cartilage depth
3 Severely abnormal. Cartilage defects extending down 

>50% of cartilage depth as well as down to calcified 
layer and down to but not through the subchondral 
bone. Blisters are included in this grade

4 Severely abnormal. Cartilage defects extending 
through the subchondral bone

Figure 2. Representative arthroscopic and ultrasound images 
acquired from patient 5. Arthroscopic images show 1 intact 
(ICRS 0) and 2 damaged cartilage surfaces (ICRS 2 and ICRS 3). 
Ultrasound images demonstrate abnormalities of the articular 
surface. Cartilage is thin at the lesion sites (arrow indicates 
cartilage-bone interface). Loose cartilage fragment (A) can be 
observed in the ultrasound image (upper left quadrant of the 
subfigure). R and IRC decrease with increasing lesion severity. 
ICRS = International Cartilage Repair Society; IRC = integrated 
reflection coefficient; R = reflection coefficient.
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in 4 out of 13 cases.12 These results suggest that the ultra-
sound data and images acquired during arthroscopy are 
more sensitive and accurate in grading the severity of carti-
lage lesions than visual appraisal.

As articular cartilage thickness cannot be easily judged 
visually, accurate and reliable arthroscopic scoring of 
lesions, particularly with regard to distinguishing between 
ICRS grades 2 and 3, is challenging even for experienced 
arthroscopic surgeons.1 Ultrasound arthroscopy overcomes 
this problem by providing information on cartilage  
thickness.12,35 In this study, it was possible to visualize in 
real-time the full depth of the cartilage and also the carti-
lage-bone interface from the arthroscopic ultrasound images 
of sites with lesions, enabling accurate estimation of lesion 
depth. This was useful in discriminating between ICRS 
grades 2 (cartilage>50% of intact thickness) and 3 (cartilage 
<50% of intact thickness) lesions, thus aiding and improving 
the accuracy of lesion scoring. In practice, it is uncommon 
for patients with mild arthritis to require treatment, those 
with osteoarthritis do not typically go for treatment until they 
are in advanced stages at which point arthroplasty is required. 
Nevertheless, the technique presented in this study is signifi-
cant because it can supplement conventional arthroscopy as a 
real-time guiding tool during removal of damaged tissue and 
also help in the estimation of cartilage thickness during sensi-
tive procedures such as abrasion arthroplasty.

In this clinical study, certain technical challenges associ-
ated with positioning of the catheter during imaging were 
observed, and these need to be solved prior to routine clini-
cal application of ultrasound arthroscopy. First, it was time-
consuming to find the correct position and angle of the 
catheter for optimal measurement of quantitative ultrasound 
parameters. This increased the operation time by an average 
of 15 minutes. Since the safety and convenience of the 
patient is of utmost priority, a more effective ultrasound 
catheter designed and optimized for arthroscopy would 

need to be developed. This is a subject of ongoing research 
in the group. Furthermore, since this was a feasibility study, 
the intra- and interobserver reliability were not investigated. 
Thus, this requires further investigation.

The high-frequency ultrasound transducer (central fre-
quency of 40 MHz) used in this study enabled acquisition of 
high-resolution images of the tissue, but to a limited depth. 
Because of this depth of penetration limitation, ultrasound at 
this frequency may not penetrate to the cartilage–subchondral 
bone interface in thick human cartilage. This makes the mea-
surement of cartilage thickness challenging in intact (and 
thick) cartilage. To overcome this challenge, an ultrasound 
catheter with a lower frequency transducer, such as the 9 
MHz transducer used by Liukkonen et al.22 may be useful for 
quantitative evaluation of the properties of subchondral bone. 
This could provide important diagnostic information about 
conditions such as subchondral sclerosis that is often consis-
tent with the early stages of osteoarthritis.37,38 However, the 
greater penetration of the lower frequency transducer comes 
at the cost of lower image resolution.

A possible solution to obtain both high-resolution imaging 
and better penetration to the subchondral bone may be real-
ized by using a custom-made intermediate frequency trans-
ducer. An alternative solution for high-resolution imaging of 
articular cartilage is via optical coherence tomography 
(OCT).39 However, the penetration depth of OCT is approxi-
mately 1 mm into cartilage, making visualization of the sub-
chondral bone plate in a healthy joint with thick cartilage 
impossible. Nevertheless, combining OCT and ultrasound in 
the same arthroscopic instrument could provide important 
information for the diagnosis of joint pathologies. Furthermore, 
objective evaluation of articular cartilage structure and pathol-
ogy is of immense importance if indications for cartilage 
repair and also the quality of the repair tissue are to be evalu-
ated in vivo. Arthroscopic ultrasound provides a promising 
technique for achieving this objective.

Figure 3. (A) Integrated reflection coefficient (IRC) versus ICRS grade determined by conventional arthroscopy. Ultrasound 
reflection at the articular surface (IRC) showed a decreasing trend with increasing ICRS grade (r

s
 = −0.426, P < 0.05). (B) Similarly, 

ultrasound reflection at lesion sites was generally lower than from the intact tissue (right) (P < 0.05). The vertical bars indicate the 
95% confidence interval. ICRS = International Cartilage Repair Society.
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In conclusion, ultrasound arthroscopy of the shoulder 
joint can provide quantitative diagnostics on the severity of 
cartilage lesions. Furthermore, the diagnostic potential of 
conventional arthroscopy can be enhanced by quantitative 
arthroscopic ultrasound imaging.

Acknowledgments and Funding

The authors acknowledge financial support from strategic funding of 
the University of Eastern Finland, Helsinki University Hospital 
(EVO grant 2010105), Kuopio University Hospital (EVO grants 
5041723, 5041716), Academy of Finland (project 267551, University 
of Eastern Finland) and Orion-Farmos Research Foundation.

Declaration of Conflicting Interests

The Author(s) declare(s) that there are no conflicts of interest.

Ethical Approval 

All measurements were done with permission from the National 
Agency for Medico-Legal Affairs, Helsinki, Finland (Permission 
No. Dnro103/13/03/02/09).

Informed Consent 

Written informed consent was obtained from all subjects before 
the study.

References

 1. Spahn G, Klinger HM, Hofmann GO. How valid is the 
arthroscopic diagnosis of cartilage lesions? Results of an 
opinion survey among highly experienced arthroscopic sur-
geons. Arch Orthop Trauma Surg. 2009;129(8):1117-21.

 2. Spahn G, Klinger HM, Baums M, Pinkepank U, Hofmann 
GO. Reliability in arthroscopic grading of cartilage lesions: 
results of a prospective blinded study for evaluation of 
inter-observer reliability. Arch Orthop Trauma Surg. 2011; 
131(3):377-81.

 3. Hunziker EB. Articular cartilage repair: basic science and 
clinical progress. A review of the current status and pros-
pects. Osteoarthritis Cartilage. 2002;10:432-63. doi:10.1053/
joca.2002.0801.

 4. Qvist P, Bay-Jensen A-C, Christiansen C, Dam EB, 
Pastoureau P, Karsdal MA. The disease modifying osteoar-
thritis drug (DMOAD): is it in the horizon? Pharmacol Res. 
2008;58(1):1-7. doi:10.1016/j.phrs.2008.06.001.

 5. Conaghan PG, D’Agostino MA, Le Bars M, Baron G, 
Schmidely N, Wakefield R, et al. Clinical and ultrasono-
graphic predictors of joint replacement for knee osteoarthritis: 
results from a large, 3-year, prospective EULAR study. Ann 
Rheum Dis. 2010;69(4):644-7. doi:10.1136/ard.2008.099564.

 6. Kumm J, Tamm A, Lintrop M, Tamm A. Association between 
ultrasonographic findings and bone/cartilage biomarkers in 
patients with early-stage knee osteoarthritis. Calcif Tissue Int. 
2009;85(6):514-22. doi:10.1007/s00223-009-9302-2.

 7. Monteforte P, Sessarego P, Rovetta G. Sonographic assess-
ment of soft tissue alterations in osteoarthritis of the knee. G 
Ital Med Lav Ergon. 2008;30(1):75-7.

 8. Möller I, Bong D, Naredo E, Filippucci E, Carrasco I, 
Moragues C, et al. Ultrasound in the study and monitoring of 
osteoarthritis. Osteoarthritis Cartilage. 2008;16(Suppl 3):S4-
7. doi:10.1016/j.joca.2008.06.005.

 9. Lee CL, Huang MH, Chai CY, Chen CH, Su JY, Tien YC. 
The validity of in vivo ultrasonographic grading of osteo-
arthritic femoral condylar cartilage: a comparison with in 
vitro ultrasonographic and histologic gradings. Osteoarthritis 
Cartilage. 2008;16(3):352-8.

 10. Kuroki H, Nakagawa Y, Mori K, Kobayashi M, Yasura K, 
Okamoto Y, et al. Ultrasound properties of articular cartilage 
in the tibio-femoral joint in knee osteoarthritis: relation to 
clinical assessment (International Cartilage Repair Society 
grade). Arthritis Res Ther. 2008;10(4):R78.

 11. Virén T, Saarakkala S, Kaleva E, Nieminen HJ, Jurvelin JS, 
Töyräs J. Minimally invasive ultrasound method for intra-
articular diagnostics of cartilage degeneration. Ultrasound 
Med Biol. 2009;35(9):1546-54. doi:10.1016/j.ultrasmed-
bio.2009.04.004.

 12. Kaleva E, Viren T, Saarakkala S, Sahlman J, Sirola J, 
Puhakka J, et al. Arthroscopic ultrasound assessment of 
articular cartilage in the human knee joint: a potential diag-
nostic method. Cartilage. 2010;2(3):246-53. doi:10.1177/ 
1947603510391781.

 13. Saarakkala S, Laasanen MS, Jurvelin JS, Töyräs J. Quantitative 
ultrasound imaging detects degenerative changes in articu-
lar cartilage surface and subchondral bone. Phys Med Biol. 
2006;51(20):5333-46. doi:10.1088/0031-9155/51/20/017.

 14. Saarakkala S, Korhonen RK, Laasanen MS, Töyräs J, Rieppo 
J, Jurvelin JS. Mechano-acoustic determination of Young’s 
modulus of articular cartilage. Biorheology. 2004;41(3-
4):167-79.

 15. Laasanen MS, Saarakkala S, Töyräs J, Rieppo J, Jurvelin 
JS. Site-specific ultrasound reflection properties and super-
ficial collagen content of bovine knee articular cartilage. 
Phys Med Biol. 2005;50(14):3221-33. doi:10.1088/0031-
9155/50/14/002.

 16. Laasanen MS, Töyräs J, Vasara A, Saarakkala S, 
Hyttinen MM, Kiviranta I, et al. Quantitative ultra-
sound imaging of spontaneous repair of porcine cartilage. 
Osteoarthritis Cartilage. 2006;14(3):258-63. doi:10.1016/j.
joca.2005.09.011.

 17. Hattori K, Mori K, Habata T, Takakura Y, Ikeuchi K. 
Measurement of the mechanical condition of articular carti-
lage with an ultrasonic probe: quantitative evaluation using 
wavelet transformation. Clin Biomech. 2003;18(6):553-7.

 18. Chérin E, Saïed A, Laugier P, Netter P, Berger G. Evaluation 
of acoustical parameter sensitivity to age-related and osteo-
arthritic changes in articular cartilage using 50-MHz ultra-
sound. Ultrasound Med Biol. 1998;24(3):341-54.

 19. Chiang EH, Adler RS, Meyer CR, Rubin JM, Dedrick DK, 
Laing TJ. Quantitative assessment of surface roughness using 
backscattered ultrasound: the effects of finite surface curva-
ture. Ultrasound Med Biol. 1994;20(2):123-35.

 20. Adler RS, Dedrick DK, Laing TJ, Chiang EH, Meyer CR, 
Bland PH, et al. Quantitative assessment of cartilage surface 
roughness in osteoarthritis using high frequency ultrasound. 
Ultrasound Med Biol. 1992;18(1):51-8.

 at Helsinki University Library / University of Helsinki on October 26, 2016car.sagepub.comDownloaded from 

http://car.sagepub.com/


Puhakka et al. 255

 21. Virén T, Saarakkala S, Jurvelin JS, Pulkkinen HJ, Tiitu V, 
Valonen P, et al. Quantitative evaluation of spontaneously 
and surgically repaired rabbit articular cartilage using intra-
articular ultrasound method in situ. Ultrasound Med Biol. 
2010;36(5):833-9. doi:10.1016/j.ultrasmedbio.2010.02.015.

 22. Liukkonen J, Hirvasniemi J, Joukainen A, Penttilä P, Virén 
T, Saarakkala S, et al. Arthroscopic ultrasound technique for 
simultaneous quantitative assessment of articular cartilage 
and subchondral bone: an in vitro and in vivo feasibility study. 
Ultrasound Med Biol. 2013;39(8):1460-8. doi:10.1016/j.
ultrasmedbio.2013.03.026.

 23. Liukkonen J, Lehenkari P, Hirvasniemi J, Joukainen A, Virén 
T, Saarakkala S, et al. Ultrasound arthroscopy of human 
knee cartilage and subchondral bone in vivo. Ultrasound 
Med Biol. 2014;40(9):2039-47. doi:10.1016/j.ultrasmed-
bio.2014.04.001.

 24. Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R, 
Fitzgerald PJ, et al. American College of Cardiology clini-
cal expert consensus document on standards for acquisi-
tion, measurement and reporting of intravascular ultrasound 
studies (IVUS). J Am Coll Cardiol. 2001;37(5):1478-92. 
doi:10.1016/S0735-1097(01)01175-5.

 25. Huang Y-P, Zheng Y-P. Intravascular ultrasound (IVUS): 
a potential arthroscopic tool for quantitative assessment of 
articular cartilage. Open Biomed Eng J. 2009;3:13-20. doi:10
.2174/1874120700903010013.

 26. Töyräs J, Rieppo J, Nieminen MT, Helminen HJ, Jurvelin 
JS. Characterization of enzymatically induced degrada-
tion of articular cartilage using high frequency ultrasound. 
Phys Med Biol. 1999;44(11):2723-33. doi:10.1088/0031-
9155/44/11/303.

 27. Hattori K, Takakura Y, Ishimura M, Habata T, Uematsu K, 
Ikeuch K. Quantitative arthroscopic ultrasound evaluation of 
living human cartilage. Clin Biomech. 2004;19(2):213-6.

 28. Hattori K, Takakura Y, Ishimura M, Tanaka Y, Habata T, 
Ikeuchi K. Differential acoustic properties of early carti-
lage lesions in living human knee and ankle joints. Arthritis 
Rheum. 2005;52(10):3125-31. doi:10.1002/art.21299.

 29. Nishitani K, Nakagawa Y, Gotoh T, Kobayashi M, Nakamura 
T. Intraoperative acoustic evaluation of living human cartilage 

of the elbow and knee during mosaicplasty for osteochondritis 
dissecans of the elbow: an in vivo study. Am J Sports Med. 
2008;36(12):2345-53. doi:10.1177/0363546508322898.

 30. Shigematsu K, Hattori K, Kobata Y, Kawamura K, Yajima 
H, Takakura Y. A pilot feasibility study for ultrasound evalu-
ation of living human wrist cartilage: site-specific differences 
in acoustic properties. J Hand Surg Am. 2009;34(1):34-9.

 31. Kaback LA, Green A, Blaine TA. Glenohumeral arthritis 
and total shoulder replacement. Med Health R I. 2012;95(4): 
120-4.

 32. Brittberg M, Winalski CS. Evaluation of cartilage injuries and 
repair. J Bone Joint Surg Am. 2003;85-A(Suppl):58-69.

 33. Virén T, Timonen M, Tyrväinen H, Tiitu V, Jurvelin JS, Töyräs 
J. Ultrasonic evaluation of acute impact injury of articular car-
tilage in vitro. Osteoarthritis Cartilage. 2012;20(7):719-26. 
doi:10.1016/j.joca.2012.03.018.

 34. Duc SR, Koch P, Schmid MR, Horger W, Hodler J, Pfirrmann 
CW. Diagnosis of articular cartilage abnormalities of the knee: 
prospective clinical evaluation of a 3D water-excitation true 
FISP sequence. Radiology. 2007;243(2):475-82. doi:10.1148/
radiol.2432060274.

 35. Virén T, Saarakkala S, Tiitu V, Puhakka J, Kiviranta I, Jurvelin 
J, et al. Ultrasound evaluation of mechanical injury of bovine 
knee articular cartilage under arthroscopic control. IEEE 
Trans Ultrason Ferroelectr Freq Control. 2011;58(1):148-55. 
doi:10.1109/TUFFC.2011.1781.

 36. Kaleva E, Saarakkala S, Töyräs J, Nieminen HJ, Jurvelin 
JS. In-vitro comparison of time-domain, frequency-domain 
and wavelet ultrasound parameters in diagnostics of carti-
lage degeneration. Ultrasound Med Biol. 2008;34(1):155-9. 
doi:10.1016/j.ultrasmedbio.2007.06.028.

 37. Radin EL, Paul IL, Tolkoff MJ. Subchondral bone changes 
in patients with early degenerative joint disease. Arthritis 
Rheum. 1970;13(4):400-5.

 38. Radin EL, Rose RM. Role of subchondral bone in the initia-
tion and progression of cartilage damage. Clin Orthop Relat 
Res. 1986;(213):34-40.

 39. O’Malley MJ, Chu CR. Arthroscopic optical coherence 
tomography in diagnosis of early arthritis. Minim Invasive 
Surg. 2011;2011:1-6. doi:10.1155/2011/671308.

 at Helsinki University Library / University of Helsinki on October 26, 2016car.sagepub.comDownloaded from 

http://car.sagepub.com/

