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Abstract

Background: T2 mapping is an MRI method particularly reflective of the collagen arrangement in the cartilage, and
diffusion tensor (DT) imaging captures the diffusion of water molecules. Laser-induced photoacoustic measurement
(LIPA) makes it possible to assess not only the thickness of the cartilage layer but also its viscoelastic properties. By
assessing cartilage damage assessment using LIPA and 3.0 Tesla MRI (T2 mapping and DT imaging), this study
investigates the usefulness of the various methods.

Methods: The International Cartilage Repair Society (ICRS) classification was used to classify 29 bone cartilage
pieces excised during surgical procedures. At the same time, LIPA was performed at sites matching the area of
cartilage damage. MRI was performed preoperatively to measure the T2 and the apparent diffusion coefficient. In
addition, tissue sections for histological assessment using the Mankin score were prepared for each ICRS grade, and
the results with the various methods were compared.

Results: With DT imaging, significant differences were observed in all grades (P < 0.01). With T2 mapping, significant
differences were observed in all grades except for grade 1 versus grade 2 (P < 0.01). With LIPA, significant differences
were observed in ICRS grade 1 versus grade 3 (P<0.05), grade 1 versus grade 4 (P<0.01), grade 2 versus
grade 4 (P<0.01), and grade 3 versus grade 4 (P<0.05). With the Mankin score, significant differences were
observed in ICRS grade 1 versus grade 3 (P<0.01), grade 1 versus grade 4 (P<0.01), grade 2 versus grade 4
(P<0.01), and grade 3 versus grade 4 (P<0.01). Correlations were observed in all combinations of ICRS grade
with DT imaging, T2 mapping, LIPA, and Mankin score. Correlations were observed between the degree of
histological degeneration and DT imaging, T2 mapping, and ICRS grade, but LIPA had a weaker correlation
than MRI.

Conclusions: In the assessment of knee osteoarthritis, there are instances where it is difficult to assess the damaged
cartilage site with MRI alone, and we believe that it is desirable to use a combination of LIPA and MRI.
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Background

The number of patients suffering from osteoarthritis
(OA) of the knee has been estimated at 250 million
people worldwide [1]. Although not life-threatening, OA
of the knee reduces the activities of daily living and thus
significantly reduces the patient’s quality of life. Osteo-
phyte formation and joint space narrowing with X-rays
are often used for diagnosing and assessing OA, respect-
ively [2], but the essence of OA of the knee is a func-
tional failure due to articular cartilage degeneration, and
a lack of objective indices is due to the functioning of
the articular cartilage itself. Moreover, because of the
paucity of cellular components and the poor self-repair
capacity of cartilage, it is important for OA to be both
diagnosed and treated early. In recent years, cartilage
has been assessed by magnetic resonance imaging
(MRI), making it possible to visualize the soft tissue
clearly for a multiplanar assessment. Standard MRI does
not allow for assessment of early cartilage degeneration,
but the latest MRI has provided a noninvasive means for
biochemical assessment of the articular cartilage, includ-
ing its glycosaminoglycans, collagen, and water content.

Of the forms of assessment by MRI, T2 mapping is
regarded as enabling assessment of the water content
and direction of collagen fibers in the cartilage, with its
value reportedly being increased by damage to the cartil-
age matrix and especially by a decrease in collagen or an
increase in water content [3]. Diffusion tensor (DT) im-
aging is a method where the phenomenon of water mol-
ecule diffusion is detected as a signal [4, 5], and it is
already being used to assess spinal cord injuries [6] and
cerebral infarction [7], but there are few reports on
assessing cartilage damage [4, 5]. We have previously
used DT imaging to assess cartilage damage that had
been confirmed by arthroscopy and reported that it was
possible to distinguish early cartilage damage up to ad-
vanced cartilage damage [8]. MRI is extremely useful in
that cartilage damage can be assessed noninvasively, but
it does not offer assessment of mechanical properties,
such as the viscoelasticity properties, which represent a
fundamental function of cartilage.

Irradiating the body with light or a laser produces, for
example, an elevated temperature, fluorescence, or
acoustic waves in association with scattering, reflection,
and absorption [9, 10]. We have also focused on fluores-
cence and acoustic waves and reported that using a
laser-induced photoacoustic diagnostic system (laser-in-
duced photoacoustic measurement, LIPA) and time-
resolved laser-induced fluorescence spectroscopy makes
it possible to assess the thickness of the cartilage safely
and to measure its viscoelasticity to assess its condition
[11-23]. In this study, T2 mapping and DT imaging by
3.0 Tesla MRI were performed preoperatively to meas-
ure the T2 and the average diffusion coefficient (ADC).
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The International Cartilage Repair Society (ICRS) classi-
fication [24] was used to assess the extent of articular
cartilage damage of bone cartilage pieces excised during
total knee arthroplasty (TKA); at the same time, the re-
laxation time (r) was measured using LIPA. Tissue sec-
tions of the bone cartilage pieces excised during surgery
were prepared, and the usefulness of the various
methods of examining cartilage damage was investigated
by comparison with the results of Mankin’s histological
scores [25] (Mankin score).

Methods

Patients

After approval from the research review committee of
Tokai University School of Medicine, the present study
was conducted with the written consent of two patients
(one 74-year-old man and one 78-year-old woman
(mean age 76 vyears)), each with one knee that had
undergone TKA for OA of the knee at Tokai University
Hospital between April and August of 2013.

Surgical findings

The ICRS classification was used to classify 29 locations
of the medial condyle of the femur, lateral condyle of the
femur, posterior condyle of the femur, medial and lateral
condyles of the tibia, and patellofemoral joint patella ex-
cised during surgery [24] (Table 1). LIPA was used to
measure the 1 for the cartilage lesions classified during
surgery. For knee joint MRI, we performed T2 mapping
and DT imaging on the day before surgery, and the T2
and ADC of the cartilage lesions confirmed during sur-
gery were measured.

MRI evaluation

The regions of interest (ROIs) were measured at all
levels, from the cartilage surface to the deep zones, and
the subchondral bone excluded carefully. Each ROI was
measured within a range that measured 10 voxels high
by 8 voxels wide [8, 26]. Three orthopedic surgeons and
one radiologist measured the areas of cartilage damage
on the MRI separately. To minimize disparities, the
measurements were obtained three times, and the mean
value was calculated.

Table 1 International Cartilage Repair Society classification

Grade Property

1 Superficial lesions, fissures and cracks, soft indentation
2 Defects that extend to less than 50 % in depth

3 Defects that extend to more than 50 % in depth

4 Complete loss of cartilage thickness, bone only
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T2 mapping

T2 mapping was performed on an Achieva 3.0-T TX
scanner (Philips Healthcare, Best, The Netherlands), with
the patient’s knees positioned within a TX SENSE Knee
eight-channel coil (Philips Healthcare). Imaging was
conducted under the following conditions: sequence,
multiecho turbo spin-echo; field of view (FOV), 120 x
120 mm; matrix, 211 x 320; repetition time (TR),
2510 ms; echo time (TE), 16, 32, 48, 64, 80, 96, and
112 ms; turbo factor, 7; slice thickness, 5 mm; gaps,
1 mm; number of excitations (NEX), 1; water-fat shift
(WES), 0.882 pixels/429.7 Hz; fat-suppression spectral
presaturation with inversion recovery; and scan time,
8 min and 54 s [8].

DT imaging

DT imaging was conducted under the following condi-
tions: sequence, single-shot, spin-echo echo planar im-
aging (EPI); FOV, 150 x 150 mm; matrix, 144 x 144; TR,
2200 ms; TE, 68 ms; EPI factor, 73; number of slices, 13;
slice thickness, 5 mm; gaps, 1 mm; NEX, 20; WES,
28.628 pixels/15.2 Hz; fat-suppression spectral attenu-
ated inversion recovery; MPG, 6; b-value, 600; half-scan
factor, 0.678; and scan time, 10 min and 34 s [8].

Data processing

From the DT imaging, the six components of the sym-
metric diffusion tensor were calculated [26]. For each
voxel, the three eigenvalues (A1, A2, A3) and their corre-
sponding eigenvectors were calculated. The ADC was
calculated from the eigenvalues as follows [27-29]:

1
ADC = _ (A1 + A2+ 13).

LIPA

Tissue viscoelasticity affects the propagation and attenu-
ation of the stress waves induced by pulsed laser irradi-
ation [11]. The relaxation time of the stress wave,
calculated as the time in which the amplitude of the
stress wave decreases by a factor of 1/e, gives the intrin-
sic relaxation parameter (h/G) of the tissue, where h is
the viscosity and G is the elasticity. We have proposed a
basic principle whereby the mechanical characteristics of
the tissue can be measured using photoacoustic parame-
ters. In this measurement technique, the relaxation time
of the stress that acts on a linear viscoelastic object
(consisting of a spring and a dashpot) is related to the
viscoelastic parameters of the object and to the damping
time of the stress waves generated by irradiation with a
nanosecond pulse laser. Relaxation time is theoretically
related to the viscoelastic ratio [9]. The relaxation time
(1) is calculated using the Levenberg—Marquardt algo-
rithm, a nonlinear least-squares method, as follows.
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When the stress wave intensity is attenuated only by its
reflection at the boundaries and its relaxation during its
transmission through viscoelastic materials, then the
time course of the stress wave intensity is expressed by
the following equation [16]:

Is =Ip X R x exp(-td/1)

where [ is the intensity of the stress wave at t=0, R is
the product of reflectivity (the product of the internal re-
flectivity at the interface at both ends of the sample), ts
is the time after laser irradiation, and T is the damping
time of the stress wave that corresponds to the viscoelas-
tic ratio.

Histological assessment

For each form of cartilage damage, tissue sections were
prepared from bone cartilage pieces excised during
surgery. The sections were prepared by making cuts per-
pendicular to the tissue samples and fixed in 4 % parafor-
maldehyde for 1 week. After decalcification for 2 weeks
using distilled water (pH 7.4) containing 10 % ethylenedi-
aminetetraacetic acid, the tissue was embedded in paraffin

Table 2 Mankin score for evaluation of articular cartilage
degeneration

Grade
I Structure
a. Normal 0
b. Surface irregularity 1
c. Pannus and surface irregularity 2
d. Clefts to transitional zone 3
e. Clefts to radial zone 4
f. Clefts to calcified zone 5
g. Complete disorganization 6
Il Cells
a. Normal 0
b. Diffuse hypercellularity 1
c. Cloning 2
d. Hypocellularity 3
Il Safranin—Orange staining
a. Normal 0
b. Slight reduction 1
¢. Moderate reduction 2
d. Severe reduction 3
e. No dye note 4
v Tidemark integrity
a. Intact 0

b. Crossed by blood vessels 1
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Fig. 1 Macroscopic cartilage damage assessment of bone cartilage pieces. The ICRS classification was used to assess the extent of damage to
bone cartilage pieces excised during surgery. ICRS International Cartilage Repair Society

a |b
c |d

wax and sectioned perpendicularly through the center of
the cartilage damage. Each section was stained with Safra-
nin O for glycosaminoglycans for histological evaluation
[30]. For histological assessment, sections stained with
Safranin O were assessed using the Mankin score [25]
(Table 2). Three specialists of the Japanese Orthopaedic
Association each separately performed the histological as-
sessment. Each specimen was assessed, with O points as
the lowest score and 14 points as the highest score.

Statistical analysis

One-way analysis of variance (ANOVA) followed by
Tukey—Kramer post hoc tests were used to compare the
ADC, T2, 1, and Mankin score between ICRS scores.
Spearman’s rank correlation was used to identify signifi-
cant relationships between the ICRS grade and the
ADC, T2, 1, and Mankin score. P values of < 0.05 were
considered to be significant.

Results
The grades of each cartilage lesion were grade 1 (n=5),
grade 2 (n = 8), grade 3 (n = 8), and grade 4 (n =8) (Fig. 1,
Table 3).

The ADC: was grade 1 1.06 + 0.11 x 10>mm?/s, grade 2
1.31 £0.09 x 107> mm?/s, grade 3 1.65 + 0.07 x 10~> mm?/s
ms, and grade 4 2.17 +0.17 x 10> mm?/s, with the ADC

increasing as the grade increased. Significant differences
were observed in grade 1 versus grade 2 (P < 0.01), grade 1
versus grade 3 (P <0.01), grade 1 versus grade 4 (P<0.01),
grade 2 versus grade 3 (P<0.01), grade 2 versus grade
4 (P<0.01), and grade 3 versus grade 4 (P<0.01)
(Fig. 2a).

T2 were: grade 1 39.2+6.50 ms, grade 2 50.1+
5.29 ms, grade 3 63.1+6.76 ms, and grade 4 102.2 +
7.04 ms, with T2 increasing as the grade increased.

Table 3 Details of the cartilage damage

Femoral medial condyle N Femoral posterior condyle n Tibia n
Grade 1 0 Grade 1 0 Grade1 1
Grade 2 2 Grade 2 2 Grade2 1
Grade 3 2 Grade 3 2 Grade3 1
Grade 4 2 Grade 4 2 Grade4 3
Total 6 Total 6 Total 6

Femoral lateral condyle N Patella n
Grade 1 3 Grade 1 1
Grade 2 2 Grade 2 1
Grade 3 1 Grade 3 2
Grade 4 1 Grade 4 0
Total 7 Total 4
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Fig. 2 Assessment by ICRS classification and measured values from DT imaging, T2 mapping, LIPA, and Mankin score. a Changes in ADC due to
cartilage degeneration. The ADC increased as the ICRS grade increased. Statistically significant differences were observed in ICRS grade 1 versus
grade 2 (P<0.01); grade 1 versus grade 3 (P< 0.01); grade 1 versus grade 4 (P < 0.01); grade 2 versus grade 3 (P <0.01); grade 2 versus grade 4
(P<0.01); and grade 3 versus grade 4 (P <0.01). b Changes in T2 values due to cartilage degeneration. T2 values increased as the ICRS grade
increased. Statistically significant differences were observed in ICRS grade 1 versus grade 3 (P < 0.01), grade 1 versus grade 4 (P < 0.01); grade 2
versus grade 3 (P < 0.01); grade 2 versus grade 4 (P < 0.01); and grade 3 versus grade 4 (P < 0.01). ¢ Changes in T values due to cartilage
degeneration. T increased as the ICRS grade increased. Statistically significant differences were observed in ICRS grade 1 versus grade 3 (P < 0.05);
grade 1 versus grade 4 (P <0.01); grade 2 versus grade 4 (P <0.01); and grade 3 versus grade 4 (P < 0.05). d Changes in Mankin score due to
cartilage degeneration. Manikin score increased as ICRS grade increased. Statistically significant differences were observed in ICRS grade 1 versus
grade 3 (P<0.01); grade 1 versus grade 4 (P <0.01); grade 2 versus grade 4 (P <0.01); and grade 3 versus grade 4 (P < 0.01). ADC apparent
diffusion coefficient, DT diffusion tensor, ICRS International Cartilage Repair Society, LIPA laser-induced photoacoustic

Significant differences were observed in grade 1 versus
grade 3 (P<0.01), grade 1 versus grade 4 (P<0.01),
grade 2 versus grade 3 (P<0.01), grade 2 versus grade 4
(P<0.01), and grade 3 versus grade 4 (P <0.01) (Fig. 2b).

T were: grade 1 3.19 £ 0.40 us, grade 2 3.70 + 0.44 ps,
grade 3 4.53+0.51 ps, and grade 4 575+ 1.1 ps, with
values increasing as the grade increased. Significant
differences were observed in grade 1 versus grade 3
(P<0.05), grade 1 versus grade 4 (P<0.01), grade 2
versus grade 4 (P<0.01), and grade 3 versus grade 4
(P<0.05) (Fig. 2c).

The Mankin score was: grade 1 2.6+ 1.14, grade 2
443 +1.27, grade 3 6.25+1.04, and grade 4 9.5+ 1.85,
with scores increasing as the grade increased. As the
grades increased, the degree of histological degeneration
progressed (Fig. 3), with significant differences observed
in grade 1 versus grade 3 (P < 0.01), grade 1 versus grade
4 (P<0.01), grade 2 versus grade 4 (P<0.01), and grade
3 versus grade 4 (P <0.01) (Fig. 2d).

The DT imaging, T2 mapping, LIPA, and Mankin
scores increased as the ICRS grade increased, and corre-
lations were observed in all examinations (Fig. 4).
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For the degree of histological degeneration, the various
methods, and the assessment of ICRS grade, correlations
were observed with the Mankin score and DT imaging,
T2 mapping, and ICRS grade, but LIPA had a weaker
correlation than that for MRI (Fig. 5).

When correlations were investigated by limiting the
Mankin score to no further than moderate histological
degeneration, the correlations were stronger than that
for the Mankin score overall (Fig. 6).

Figure 7 shows the images for some cases of cartilage
damage by DT imaging, T2 mapping, and LIPA.

Discussion

Accurately ascertaining the condition of the cartilage is
important for understanding OA of the knee better and
for determining the therapeutic effect after surgery.
However, for the most part, it has been judged—for ex-
ample, by the subjective symptoms, osteophyte forma-
tion according to X-P, and narrowing of the joint
space—that treatment has been aimless and poorly di-
rected. Cartilage assessment by MRI has been widely
practiced and includes T2 mapping, which is sensitively
reflective of the arrangement of collagen in the cartilage;
T1p, which is reflective of proteoglycan levels; delayed
gadolinium-enhanced MR imaging of cartilage (d-GEM-
RIC); and 23Na spectroscopic imaging, among others.

Recently, cartilage damage has been assessed by DT im-
aging; among the forms of DT imaging, the ADC has
been reflective of the decrease in proteoglycans and in
the water content [5], while fractional anisotropy (FA)
has captured changes in the arrangement of collagen fi-
bers as anisotropy [5, 26, 29].

Cartilage assessment using the ADC is reportedly use-
ful in both in vitro and in vivo experiments. Meder et al.
treated bovine knee joint cartilage with trypsin and per-
formed DT imaging, and they reported that the trypsin
treatment group had a more elevated ADC than before
treatment [31]. Human articular cartilage also was
treated with trypsin and produced results where elevated
ADCs were observed [5]. Using the ADC and T2 map-
ping to assess an OA group and healthy group by X-P,
Raya et al. stated that the ADC was effective regarding
OA assessment [32]. We confirmed cartilage damage
arthroscopically and reported that the ADC made it pos-
sible to distinguish between early and advanced cartilage
damage [8].

In the results of this study, significant differences were
observed between all grades: ICRS grade 1 versus grade 2,
grade 1 versus grade 3, grade 1 versus grade 4, grade 2
versus grade 3, grade 2 versus grade 4, and grade 3 versus
grade 4. While T2 mapping had a significant difference
observed in all specimens for grade 1 versus grade 2, a
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Fig. 4 Correlations between ICRS grade and DT imaging, T2 mapping, LIPA, and Mankin score. Strong correlations were observed between ICRS
grade and DT imaging (R>=09734), T2 mapping (R? =0.8993), LIPA (R? =0.9674), and Mankin score (R* = 0.9766). DT diffusion tensor, ICRS
International Cartilage Repair Society, LIPA laser-induced photoacoustic
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significant difference was not shown in early cartilage
damage. One putative reason that T2 mapping was unable
to distinguish early cartilage damage is that in cartilage
damage in OA, the decrease in proteoglycans is thought
to occur earlier than the decrease in collagen [33], and de-
tection is not possible with T2 mapping as it is sensitively
reflective of the arrangement of collagen. An advantage of
using MRI to assess cartilage damage is that it can be done
noninvasively, but it is often difficult to assess cartilage
damage if there is a mixture of OA of different grades.
Using MR, it is impossible to assess either the viscoelastic
properties, which represent a fundamental property of the
cartilage, or the condition of the tissue.

Ishihara et al. focused on the phenomenon where lo-
cally generated stress waves propagate through the tissue
and, in so doing, decay because of the innate viscoelasti-
city of the tissue. Ishihara et al. developed a technique
where the condition of the tissue and the mechanical
properties of the articular cartilage itself are assessed by

fluorescence information and photoacoustic signals are
obtained noninvasively using nanosecond-pulsed laser
[11-22]. The nanosecond-pulsed laser used with LIPA
has no impact on the potential for cell proliferation
and can be used both safely and precisely, even though
the cartilage is irradiated with 50 times the amount
typically used [10, 15]. In assessing the viscoelastic
properties by LIPA under arthroscope, the ability to as-
sess the properties of the cartilage without having to
collect tissue is extremely useful. Thus far, in a cartil-
age degeneration group treated by trypsin, using LIPA,
it was reported that as T extension or culture time in-
creases, T decreases [10, 12, 15].

In our LIPA results, significant differences were ob-
served in ICRS grade 1 versus grade 3, grade 1 versus
grade 4, grade 2 versus grade 4, and grade 3 versus grade
4, and results identical to the Mankin score for histo-
logical assessment were obtained (Fig. 2). Although sig-
nificant differences were not observed in early cartilage
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Fig. 6 Correlation between moderate histological degeneration and
LIPA. Histological degeneration up to moderate in the Mankin score
(Mankin score 7 or below) showed a stronger correlation with LIPA
than the assessment of the Mankin score as a whole. LIPA laser-
induced photoacoustic

damage, significant differences were observed when
there was moderate or higher damage, making it useful
for cartilage damage assessment. The fact that LIPA pro-
duced results identical to the histological findings is be-
lieved to be because cartilage damage reduced the
extracellular matrix and lowered the viscoelasticity of
the cartilage, thus producing an observed extension of
the relaxation time in LIPA. LIPA has been proven to
offer examination equivalent to histological assessment
without the need to collect tissue.

Our results here support the in vitro results obtained
previously, and it is believed to be a practical method
that could be used during actual surgery. However, no
correlation was observed in a comparison with the Man-
kin score overall. Therefore, we separated the Mankin
scores up to 7, which is up to moderate damage, and
noted a correlation with LIPA (Fig. 6), at which point a
correlation was observed between the Mankin score and
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LIPA. In advanced cartilage damage, the cartilage layer
has often completely disappeared, and it may be difficult
to make assessments with LIPA that measures the visco-
elastic properties of the cartilage. Therefore, LIPA makes
macroscopic assessment available with cartilage damage
of any ICRS grade, but histologically, it has been a useful
examination for up to moderate histological degener-
ation (Mankin score 7 or below).

We found that cartilage damage could be evaluated
using DT imaging, T2 mapping, or LIPA. An advantage
of MRI is that it enables noninvasive assessment of car-
tilage damage, but evaluation using this method is diffi-
cult if there are several localized areas of cartilage
damage of varying grades. Although LIPA requires an
invasive procedure, including arthroscopy, it enables
evaluation of cartilage property at different damaged
sites without the need for tissue sampling; therefore,
LIPA is valuable for purposes such as assessment of car-
tilage damage during surgery and also cartilage regener-
ation as a follow-up. Thus, both MRI and LIPA have
advantages and disadvantages for the evaluation of
cartilage, and rather than using only one of these tech-
niques, it is desirable to use both in combination, de-
pending on the state of OA and the patient's condition.

Conclusions

In our study, ADC enables assessment in all stages of
cartilage damage and T2 mapping enables assessment of
moderate or higher cartilage damage. T measurement by
LIPA produces viscoelasticity ratios and enables assess-
ment of up to moderate cartilage damage. In the assess-
ment of knee OA, it is sometimes difficult to assess

damaged cartilage with MRI alone, and we feel that it is
desirable to make use of LIPA and MRI combined.

Abbreviations

T relaxation time; ADC: Apparent diffusion coefficient; d-GEMRIC: Delayed
gadolinium-enhanced MRI of cartilage; DT: Diffusion tensor; EPI: Echo planar
imaging; FA: Fractional anisotropy; FOV: Field of view; ICRS: International
Cartilage Repair Society; LIPA: Laser-induced photoacoustic; MRI: Magnetic
resonance imaging; NEX: Number of excitations; OA: Osteoarthritis;

ROI: Region of interest; TE: Echo time; TKA: Total knee arthroplasty;

TR: Repetition time; WFS: Water-fat shift.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

MS, Y1, TY, and JM contributed to the conception and design of the study.
TU, MY, and YT acquired and analyzed the data. TT, MY, M, and YT
performed the orthopedic surgery and graded the cartilage damage.

MI, MY, GM, and YT performed LIPA. TU, MS, MY, and YT contributed to

the interpretation of the data. TU and MY wrote the first version of the
manuscript, and all other authors revised it critically for important intellectual
content. All authors read and approved the final manuscript. All authors
agreed to be accountable for all aspects of the work.

Acknowledgements

The authors wish to acknowledge Tomohiko Horie for his technical
assistance and for performing the MRI scans. Written informed consent was
obtained from the patient for publication of their individual details and
accompanying images in this manuscript. The consent form is held by the
authors and is available for review by the Editor-in-Chief.

Author details

'Department of Orthopaedic Surgery, Surgical Science, Tokai University
School of Medicine, Bohseidai, Isehara, Kanagawa 259-1193, Japan.
’Department of Medical Engineering, National Defence Medical Collage, 3-2
Namiki, Tokorozawa, Saitama 359-8513, Japan. 3Departmem of Radiology,
Specialized Clinical Science, Tokai University School of Medicine, Bohseidai,
Isehara, Kanagawa 259-1193, Japan.

Received: 7 June 2015 Accepted: 14 December 2015
Published online: 30 December 2015



Ukai et al. Arthritis Research & Therapy (2015) 17:383

References

1.

20.

21.

Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C, Ezzati M, et al. Years
lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries
1990-2010: a systematic analysis for the Global Burden of Disease Study
2010. Lancet. 2012,380:2163-96.

Altman RD, Fries JF, Bloch DA, Carstens J, Derek TC, Genant H, et al.
Radiographic assessment of progression in osteoarthritis. Arthritis Rheum.
1987,30:1214-25.

Breuseghem V. Ultrastructural MR, imaging techniques of the knee articular
cartilage: problems for routine clinical application. Eur Radiol. 2004;14:184-92.
Raya JG, Melkus G, Adam-Neumair S, Dietrich O, Mutzel E, Kahr B, et al.
Change of diffusion tensor imaging parameters in articular cartilage with
progressive proteoglycan extraction. Invest Radiol. 2011,46:401-9.

Raya JG, Melkus G, Adam-Neumair S, Dietrich O, Mutzel E, Reiser MF, et al.
Diffusion-tensor imaging of human articular cartilage specimens with early
signs of cartilage damage. Radiology. 2013;266:831-41.

Joseph KB, Harel N, Kim CY, Wang XX, Hasan O, Kauffman A, et al. 167
diffusion tensor imaging as a predictor of experimental spinal cord injury
severity and recovery. Neurosurgery. 2013,60:175-6.

Cauley KA, Thangasamy S, Dundamadappa SK. Improved image quality and
detection of small cerebral infarctions with diffusion-tensor trace imaging.
Am J Roentgenol. 2013;200:1327-33.

Taku U, Masato S, Tomohiro Y, Yutaka |, Genya M, Tomonori T, et al.
Diffusion tensor imaging can detect the early stages of cartilage damage.
BMC Musculoskelet Disord. 2015;16:35. doi:10.1186/512891-015-0499-0.

Han C, Barnett B. Measurement of the rheological properties. In: Henry LG,
Mitchel L, editors. Rheology of biological systems. Springfield: Charles C
Thomas; 1973. p. 195-217.

Sato M, Ishihara M, Kikuchi M, Mochida J. A diagnostic system for articular
cartilage using non-destructive pulsed laser irradiation. Lasers Surg Med.
2011;43:421-32.

Ishihara M, Sato M, Sato S, Kikuchi T, Fujikawa K, Kikuchi M. Viscoelastic
characterization of biological tissue by photoacoustic measurement.

Jpn J Appl Phys. 2003/42:556-8.

Ishihara M, Sato M, Sato S, Kikuchi T, Mitani G, Kaneshiro N, et al. Usefulness
of the photoacoustic measurement method for monitoring the
regenerative process of full-thickness defects in articular cartilage using
tissue-engineering technology. Progress in biomedical optics and imaging.
Proc SPIE. 2005;5695:288-91.

Ishihara M, Sato M, Sato S, Kikuchi T, Mochida J, Kikuchi M. Usefulness of
photoacoustic measurements for evaluation of biomechanical properties of
tissue-engineered cartilage. Tissue Eng. 2005;11:1234-43.

Ishihara M, Sato M, Ishihara M, Mochida J, Kikuchi M. Multifunctional
evaluation of tissue engineered cartilage using nano-pulsed light for
validation of regenerative medicine. IFMBE Proc. 2007;14:3319-21.

Ishihara M, Sato M, Kaneshiro N, Mitani G, Sato S, Ishihara M, et al.
Development of a noninvasive multifunctional measurement method using
nanosecond pulsed laser for evaluation of regenerative medicine for
articular cartilage. Proc SPIE. 2006; doi: 6084:60840V.1-60840V 4.

Ishihara M, Sato M, Kaneshiro N, Mitani G, Nagai T, Kutsuna T, et al.
Usefulness and limitation of measurement methods for evaluation of tissue-
engineered cartilage function and characterization using nanosecond
pulsed laser. Proc SPIE. 2007; doi: 6439:643909.1-6439094.

Ishihara M, Sato M, Mitani G, Mochida J, Kikuchi M. Monitoring of
extracellular matrix formation using nanosecond pulsed laser. J Inst Elect
Engnr Jpn. 2007;127(12):2166-70.

Ishihara M, Sato M, Mochida J, Kikuchi M. Measurement and image
engineering for fundamental technology of regenerative medicine. In:
Akaike T, editor. Regeneration medicine 4: bioengineering for regeneration
medicine. Tokyo: Corona Publishing; 2007. p. 147-67.

Ishihara M, Sato M, Mochida J, Kikuchi M. Noninvasive measurement for the
evaluation and validation of regeneration medicine. J Biosci Biotechnol.
2007,85:438-41.

Ishihara M, Sato M, Kutsuna T, Ishihara M, Mochida J, Kikuchi M. Modification
of measurement methods for evaluation of tissue engineered cartilage
function and biochemical properties using nanosecond pulsed laser. Proc
SPIE. 2008; doi: 6558:685805.1-685805.5.

Ishihara M, Sato M, Kaneshiro N, Mitani G, Sato S, Mochida J. Development
of a photoacoustic measurement method for the evaluation of regenerative
medicine and tissue engineering for articular cartilage. J Jpn Soc Laser Surg
Med. 2005;26:53-9.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 10 of 10

Ishihara M, Sato M, Kaneshiro N, Mitani G, Sato S, Mochida J. Development
of a diagnostic system for osteoarthritis using a photoacoustic
measurement method. Lasers Surg Med. 2006;38:249-55.

Kutsuna T, Sato M, Ishihara M, Furukawa K, Nagai T, Kikuchi M, et al.
Noninvasive evaluation of tissue-engineered cartilage with time-resolved
laser-induced fluorescence spectroscopy. Tissue Eng. 2010;16:365-73.

The International Cartilage Repair Society. ICRS Cartilage Injury Evaluation
Package. 2000. https.//www.secot.es/uploads/descargas/formacion/escalas_
valoracion/ICRS._TRAUMA_CARTaILAGO.pdf. Accessed 4 April 2015.

Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic
abnormalities in articular cartilage from osteo-arthritic human hips. II.
Correlation of morphology with biochemical and metabolic data. J Bone
Joint Surg Am. 1971,53:523-37.

Raya JG, Arnold AP, Weber DL, Filidoro L, Dietrich O, Neumair SA, et al.
Ultra-high field diffusion tensor imaging of articular cartilage correlated
with histology and scanning electron microscopy. Magn Reson Mater Phy.
2011;24:247-58.

Buckwalter JA, Mankin HJ. Articular cartilage Il. Degeneration and
osteoarthritis, repair, regeneration and transplantation. J Bone Joint Surg
Am. 1997;79:612-32.

Burstein D, Gray ML, Hartman AL, Gipe R, Foy BD. Diffusion of small solutes
in cartilage as measured by nuclear magnetic resonance (NMR)
spectroscopy and imaging. J Orthop Res. 1993;11:465-78.

de Visser SK, Bowden JC, Wentrup-Byrne E, Rintoul L, Bostrom T, Pope JM,
et al. Anisotropy of collagen fibre alignment in bovine cartilage: comparison
of polarized light microscopy and spatially resolved diffusion-tensor
measurements. Osteoarthritis Cartilage. 2008;16:689-97.

Takaku Y, Murai K, Ukai T, Ito S, Kokubo M, Satoh M, et al. In vivo cell
tracking by bioluminescence imaging after transplantation of bioengineered
cell sheets to the knee joint. Biomaterials. 2014;35:2199-206.

Meder R, Visser SK, Bowden JC, Bostrom T, Pope JM. Diffusion tensor
imaging of articular cartilage as a measure of tissue microstructure.
Osteoarthritis Cartilage. 2006;14:875-81.

Raya JG, Horng A, Dietrich O, Krasnokutsky S, Beltran LS, Storey P, et al. Articular
cartilage: in vivo diffusion-tensor imaging. Radiology. 2012;262:550-9.
Blumenkrantz G, Majumdar S. Quantitative magnetic resonance imaging of
articular cartilage in osteoarthritis. Eur Cell Mater. 2007;13:76-86.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit ( BioMed Central



http://dx.doi.org/10.1186/s12891-015-0499-0
https://www.secot.es/uploads/descargas/formacion/escalas_valoracion/ICRS._TRAUMA_CARTaILAGO.pdf
https://www.secot.es/uploads/descargas/formacion/escalas_valoracion/ICRS._TRAUMA_CARTaILAGO.pdf

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients
	Surgical findings
	MRI evaluation
	T2 mapping
	DT imaging
	Data processing
	LIPA
	Histological assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



