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Abstract—Quantitative assessments of articular cartilage
function are needed to aid clinical decision making. Our
objectives were to develop a new electromechanical grade to
assess quantitatively cartilage quality and test its reliability.
Electromechanical properties were measured using a hand-
held electromechanical probe on 200 human articular surfaces
from cadaveric donors and osteoarthritic patients. These data
were used to create a reference electromechanical property
database and to compare with visual arthroscopic Interna-
tional Cartilage Repair Society (ICRS) grading of cartilage
degradation. The effect of patient-specific and location-
specific characteristics on electromechanical properties was
investigated to construct a continuous and quantitative
electromechanical grade analogous to ICRS grade. The
reliability of this novel grade was assessed by comparing it
with ICRS grades on 37 human articular surfaces. Electrome-
chanical properties were not affected by patient-specific
characteristics for each ICRS grade, but were significantly
different across the articular surface. Electromechanical
properties varied linearly with ICRS grade, leading to a
simple linear transformation from one scale to the other. The
electromechanical grade correlated strongly with ICRS grade
(r = 0.92, p< 0.0001). Additionally, the electromechanical
grade detected lesions that were not found visually. This novel
grade can assist the surgeon in assessing human knee cartilage
by providing a quantitative and reliable grading system.

Keywords—Streaming potentials, Electromechanical refer-
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INTRODUCTION

Objective assessment of articular cartilage is criti-
cally important in the diagnosis of diseases such as
osteoarthritis (OA) and other joint impairments.
Currently, knee arthroscopy is regarded as the most
valid method for cartilage evaluation,26 and is the
only technique providing direct visualization and
evaluation of cartilage. Cartilage lesions are fre-
quently found during arthroscopy and the grading of
these lesions guides the surgeon in determining
appropriate therapeutic approaches. Many grading
systems of cartilage lesions were developed over the
past decades.20 In general, surgeons use a blunt probe
to help in the estimation of lesion depth and quali-
tative stiffness of cartilage.26 However, the drawbacks
of these classification systems result in subjective
estimations by surgeons to differentiate between low-
grade and high-grade cartilage lesions.26 Also, the
macroscopic visual assessment of cartilage is now
widely recognized as insufficient since visually normal
cartilage can be functionally or structurally
degraded.5,24 Therefore, the addition of quantitative
assessment of cartilage to current macroscopic grad-
ing systems is needed to aid clinical decision mak-
ing.26

An arthroscopic probe (Arthro-BST, Biomomen-
tum, Canada) was developed to assess electrome-
chanical properties of cartilage by streaming potential
measurements.8 These electric potentials are gener-
ated during mechanical loading of cartilage which
entrains mobile positive ions in the interstitial fluid
relative to the fixed negative ions of the proteoglycans
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imbedded within the collagen network.7,11 It has been
long recognized that compression-induced streaming
potentials are representative of the structural and
functional properties of the cartilage.1,8,9,11,15 More
recently, several studies have reported correlations of
the electromechanical properties with common char-
acterizations in human articular surfaces such as
mechanical modulus,1,24,25 histological Mankin
Score,1,4,24,25 polarized light microscopy score,25 wa-
ter and GAG content,4,6,25 ICRS grading1,4 and MRI-
gagCEST.6 A recent study demonstrated the sensi-
tivity of the electromechanical probe in distinguishing
early cartilage degeneration where other characteri-
zations failed such as histological Mankin scores,
cartilage thickness or biochemical assessments of
cartilage.24 Additional studies have reported changes
in electromechanical properties with degeneration of
cartilage1,4,11,15 and with different cartilage repair
outcomes (high-quality hyaline-like repair, thinner
hyaline-like repair and un-repaired subchondral
bone/calcified cartilage) in ovine models.23 Taken
together, these studies revealed the diagnostic poten-
tial of this arthroscopic probe and motivated its fur-
ther development into a grading tool for articular
cartilage quality.

To be clinically useful, the current probe output,
the electromechanical quantitative parameter (QP),
needs to be translated into a diagnostic grade that
can be easily implemented by surgeons, like the
widely used arthroscopic International Cartilage
Repair Society (ICRS) grading system. Therefore,
the objective of this study was to develop a novel
quantitative electromechanical grade, based on the
electromechanical QP, to aid the arthroscopic
diagnosis of cartilage quality and to test its relia-
bility by assessing ex vivo human articular surfaces
of various degeneration states. Studies have
reported a decrease of the electromechanical
response of cartilage in the initial degeneration
stages (from ICRS grade 0 to 2). We hypothesized
that the electromechanical response will still be
weak in more severe degeneration stages (ICRS
grade 3) but at some extent, it will rise due to car-
tilage thinning until reaching no electromechanical
response with complete cartilage loss exposing bone.
A second hypothesis proposes that patient-specific
and location-specific characteristics will impact the
electromechanical properties and thus need to be
considered in the development of the grading sys-
tem. The last hypothesis states that the proposed
electromechanical grading system is more sensitive
to degeneration than the ICRS grading system since
it is a quantitative and objective grade that reflects
the integrity of the cartilage.

MATERIALS AND METHODS

Tissue Source

200 knee articular surfaces, consisting of the distal
femur (trochlea, anterior and posterior condyles), pa-
tella and tibial plateaus, were used to create and test
the electromechanical grading system (Table 1). These
tissues were collected from 40 cadaveric donors that
were asymptomatic for OA related diseases, and pro-
vided by a tissue bank (RTI Surgical, Alachua, FL,
USA) and from 40 patients undergoing total knee
replacements (TKR) through procedures approved by
the Ethics Committee at Maisonneuve-Rosemont
Hospital (Quebec, Canada). All procedures involving
these human tissues were carried out according to
institutionally-approved protocols. The number of
articular surfaces available from each donor/patient
varied according to many uncontrollable factors such
as the availability from the tissue bank and their
appropriate extraction (presence of bone under the
cartilaginous surface) during surgery. Each sample was
stored at 280 �C upon reception for a maximum of
3 years for the cadaveric samples and a maximum of
1 year for the TKR samples.

Tissue Processing

Prior to measurements, each sample was thawed
overnight at 4 �C and equilibrated at room tempera-
ture in physiological phosphate buffered saline (PBS)
solution for at least 15 min. Articular surfaces were
secured from the bone side onto a cylindrical platform
and the assembly was screwed into a testing chamber
filled with PBS. First, manual mapping with the elec-
tromechanical probe (Arthro-BST, Biomomentum)
was performed ex vivo by compressing the probe tip
onto the cartilage surface for about 1 s at each position
of a grid (corresponding to ~9 sites per cm2) super-
imposed on the top-view image of the articular surface
through a live camera-registration software (Mapping
Toolbox, Biomomentum). Detailed descriptions of the
electromechanical mapping technique are reported in
recently published articles.24,25 Streaming potential
distributions were measured through the 37 gold
microelectrodes on the semi-spherical indenter of the
probe (effective radius = 3.18 mm, 5 microelectrodes/
mm2). A single measurement was taken at each posi-
tion on account of the high reliability and excellent
agreement between and within users’ electromechani-
cal measurement previously published.8 The output of
the device, the electromechanical QP, corresponds to
the number of microelectrodes in contact with the
cartilage when the sum of all electrode potentials
reaches 100 mV. A high QP is thus representative of
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weak electromechanical properties (degeneration),
while low QP is obtained when cartilage has a strong
electromechanical response. The samples were then
placed back at 280 �C prior to macroscopic visual
assessment. The macroscopic visual assessment was
performed ex vivo by an experienced orthopaedist
(blinded to electromechanical outcomes). The ICRS
grading system16 was chosen since it is widely accepted
to assess cartilage lesion severity.27 To mimic a routine
arthroscopic evaluation, the orthopaedist also used a
blunt probe to grade the entire articular surfaces. The
extent of each cartilage lesion and its ICRS grade were
drawn on a printout of the top-view of the sample with
the position grid superimposed. Consequently, every
position had an electromechanical QP and an ICRS
grade to generate maps of these characterizations.

Creation of a Reference Electromechanical Database

The grading of cartilage degeneration using an
electromechanical probe requires a reference database
of electromechanical properties of normal human
cartilage. For that purpose, we used articular surfaces
from cadaveric donors. Even if donors were reported
as asymptomatic for OA, visual signs of degeneration
(based on ICRS grade) were observed in several
regions of the articular surfaces. Thus, exclusion cri-
teria were defined to avoid regions of degenerated
cartilage to create a normal reference database (Fig. 1).
The first exclusion criterion discarded all donors with
OA related diseases or knee trauma. Also, an articular
surface was discarded when more than 70% of the
surface was visually degenerated (ICRS grade >0),
considering that a previous study has shown early
degeneration of cartilage in the surrounding 10 mm of
visual lesions.24 All locations with an ICRS grade >0
(the normal value) were also removed (Fig. 1). The
remaining positions went through an analysis of elec-
tromechanical QPs to detect those which were 30%

greater than the mean of surrounding values. Some of
those positions came from articular surfaces that were
processed histologically subsequently to electrome-
chanical assessment, in our previous studies,24,25 to
obtain the Mankin Score and thus, histological infor-
mation on the cartilage quality could be considered
(Fig. 1). Those positions were eliminated if they were
within the surrounding 10 mm of visual lesion24 or if
the Mankin Score was greater or equal to 2 suggesting
early OA.19 This reference electromechanical database
will be used to determine the average QP (QPREF) at
any given region on normal knee articular surfaces.

Comparison of Electromechanical Properties to Visual
ICRS Grading of Cartilage Degradation

Unlike the electromechanical reference database,
where normal cartilage regions were available at all
anatomical positions over entire articular surfaces of
asymptomatic donors, the locations of degenerated
cartilage regions are more limited. Indeed, studies have
reported distinct cartilage degeneration patterns sug-
gesting that specific regions on the articular surfaces
are more likely subjected to degeneration.3,24 More-
over, the articular surfaces from TKR surgeries such as
the patellas and distal femurs were extracted in a way
that the anatomical landmarks were lost. Therefore,
the electromechanical properties of degenerated carti-
lage were only studied by grouping wide regions on the
articular surface rather than the exact location. Based
on the visual assessment image drawn by the ortho-
paedist, measurement positions located clearly within
an ICRS grade were retained and positions located
within the boundaries of two or more ICRS grades
were eliminated. Subsequently, the average electrome-
chanical QP could be calculated for ICRS grade 1
(QP1), ICRS grade 2 (QP2), ICRS grade 3 (QP3) and
ICRS grade 4 (QP4) within each specific region of the
knee.

TABLE 1. Characteristics of all cadaveric donors and total knee replacement (TKR) patients.

Characteristic

Asymptomatic samples from cadaveric donors

(n = 40 donors; 100 articular surfaces)

OA samples from TKR patients

(n = 40 patients; 100 articular surfaces)

Age, years (range) 40.8 ± 16.8 (17–69) 62.6 ± 10.4 (32–84)

Gender, n (%)

Male 28 (70%) 16 (39%)

Female 12 (30%) 25 (61%)

Body mass index (BMI), kg/m2 30.0 ± 8.9 33.2 ± 8.0

Smoking status, n (%)

Non-smoker 18 (45%) 40 (98%)

Smoker 22 (55%) 1 (2%)
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Patient-Specific and Topographic Characteristics of
Electromechanical Properties

An investigation was performed to explore patient-
specific and location-specific information to provide an
accurate and personalized grading. Patient informa-
tion included age, body mass index (BMI), gender and
smoking status. To evaluate these effects on the elec-
tromechanical QP, a multiple regression was per-
formed using a mixed effects model for each ICRS
grade. The electromechanical QP was the dependent
variable while age, BMI, gender, smoking status, and
articular surface were the explanatory variables (fixed
effects) and the donor was the random effect. The
purpose of this analysis was to determine whether
patient-specific and location-specific characteristics
need to be accounted for in the grading.

Development of an Electromechanical Grade

To assess cartilage degeneration, the electrome-
chanical QP was translated into a grade analogous to
the ICRS grade, which is easily implemented by sur-
geons. Hence, the electromechanical QP, defined on a
0–37 scale, was translated into an electromechanical
grade, defined on a 0–4 scale. Indeed, the relationship
between each ICRS grade of a region and its corre-
sponding average electromechanical QP values,
QPREF, QP1, QP2, QP3 and QP4, was defined to dic-
tate the translation from one scale to the other. It is

useful to mention that QPREF can be obtained for any
region based on the electromechanical reference data-
base. However, average electromechanical QP for each
degeneration ICRS grade, QP1, QP2, QP3 and QP4,
can only be obtained for limited regions since literature
has shown that degeneration, at the articular surface
level, appears with distinct degeneration patterns.3,24

To be able to provide local QP1, QP2, QP3 and QP4 in
regions less prone to degeneration, we have assumed
that the natural spatial variation of the electrome-
chanical properties of asymptomatic articular surface
was maintained during degeneration. This assumption
is supported by an enzymatic cartilage degradation
study22 where it shows that trypsin uniformly affects
the electromechanical properties of articular cartilage
proportionally to the degradation time while main-
taining the spatial distribution of the properties. Thus,
a modeling of electromechanical QP in terms of ICRS
grades was performed. Moreover, a cartilage repair
assessment was incorporated into the electromechani-
cal grading system. We hypothesized that the elec-
tromechanical QP of incomplete repaired cartilage will
be lower than the electromechanical QP of normal
cartilage. Indeed, repaired cartilage would start by
being abnormally thin and will thicken until reaching
a hyaline-like appearance and composition. This
hypothesis was verified and supported by a previous
study of cartilage repair in a sheep model,23 where the
diagnostic parameter (interpreted as the electrome-
chanical grade) was calculated as the difference

FIGURE 1. Flowchart of the creation of the electromechanical reference database.
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between the measured QP and the reference QP
(QPREF) at matched locations.

Analysis on the Effect of Location on the
Electromechanical Grade

For clinical use, where accurate positioning is hard
to discern, an analysis on how rigorous the measure-
ment location must be, to provide an accurate assess-
ment of cartilage quality, was required. Thus, four
different regional segmentations were considered: 1
region being the entire knee, 4 regions being each of
the articular surfaces, 5 regions where the tibial plateau
was divided into region covered and not covered by the
meniscus and lastly, high-resolution regions where
each articular surface was subdivided in at least 50
regions. A receiver operating characteristic (ROC)
analysis presented which type of regional segmentation
gave the best sensitivity and specificity in diagnosing
cartilage degeneration and was incorporated into the
algorithm for clinical use.

Evaluation of the Electromechanical Grade Reliability

The electromechanical grade reliability was exam-
ined using a subset (n = 37) of the available human
knee articular surfaces. These 37 articular surfaces
were chosen since they presented various ICRS grades
to test the performance of the electromechanical grade
to diagnose all possible outcomes: normal healthy
cartilage, early and mild degeneration to severely de-
graded cartilage to underlying bone. The electrome-
chanical grade was computed using the newly
developed grading algorithm. Due to the mapping
capacity of our techniques (measurements following a
position grid), mappings of the electromechanical
grade and ICRS grade were generated for each sample.
Moreover, a Pearson correlation analysis was per-
formed to investigate the correlation between the
electromechanical grade and the ICRS grade. Lastly,
the percentage of lesional areas for each sample was
calculated as the percentage of positions with a score
greater or equal to 1 for both the electromechanical
grade and the ICRS grade. Thus, each sample obtained
two percentages of lesional areas based on each grade
to examine how both grades were related in means of
detecting cartilage degeneration.

Statistical Analysis

All statistical analyses were performed with SAS
version 9.4 (SAS Institute Inc., North Carolina, USA).
For all statistical tests, a p value of 0.05 (two sided) or
smaller was consider statistically significant.

RESULTS

Electromechanical Reference Database

100 human cadaveric articular surfaces were subjected
to exclusion criteria to eliminate regions of degenerated
cartilage and permit the creation of a normal reference
database (Fig. 1). At first, there were 13,169 measure-
ment positions of electromechanical assessment. 17
articular surfaces (corresponding to 2107 positions) were
excluded since they came from donors with OA-related
diseases or knee trauma. 8 articular surfaces were ex-
cluded since they had more than 70% of their surface
graded as degenerated by the surgeon. 2149 positions
were removed because they were assessed with an ICRS
greater than 0 by the surgeon. Finally, the last exclusion
criterion consisted of an analysis of outlying electrome-
chanical QPs where 286 positions were eliminated be-
cause they were in the surrounding 10 mm from a visual
lesion or if available, their Mankin score was greater or
equal to 2. At the end, our reference electromechanical
database consisted of 75 articular surfaces corresponding
to a total of 8190 measurement positions.

Electromechanical QP Variation with Cartilage
Degeneration

An increase of the electromechanical QP from
normal to early degenerated cartilage, essentially from
ICRS grade 0 to ICRS grade 2 was observed (Fig. 2).
Two different electromechanical distributions charac-
terized severe cartilage degeneration (ICRS grade 3):
low and high electromechanical QPs. The high QPs
obtained within the ICRS grade 3 were interpreted by
a low electromechanical response of the cartilage due
to clefts and severe loss of matrix integrity while the
low QPs were explained by cartilage thinning. Thus,
ICRS grade 3 was divided in two categories—ICRS
grade 3 (high QPs) and ICRS grade 3.5 (low QPs)
(Fig. 2). Furthermore, ICRS grade 4 was represented
by QPs of zero since the compression of underlying
bone does not generate streaming potentials. A posi-
tive linear relation was assumed for the electrome-
chanical QP within ICRS grade 0–3 (approximately a 4
QP unit increase for each ICRS grade); and a negative
linear relation was assumed for the electromechanical
QPs within ICRS grade 3–4 (Fig. 2). The linear
assumption was made since the ICRS grades are not
on a continuous scale. Interestingly, the average QPs of
ICRS grade 3.5 was similar to the average QPs of
ICRS grade 0 (Fig. 2). Consequently, a severe degen-
erated cartilage could be confused with normal carti-
lage. Since cartilage within ICRS grade 3.5 can be
easily distinguished visually by the surgeon, user input
is required to make the correct classification.

SIM et al.2414



Electromechanical QP Variation with Patient-Specific
and Topographic Characteristics

A multiple regression model (mixed effect) was
carried out to examine whether the grading algorithm
shall consider patient-specific and location-specific
characteristics as inputs. This examination could only
be done on certain patient-specific attributes such as
age, BMI, gender and smoking status. The regression
model revealed no evidence that patient-specific char-
acteristics affected the electromechanical QPs for each
ICRS grade (Table 2), whereas the location of mea-
surement had a great influence on electromechanical
QP (p< 0.0001 for all ICRS grades; Table 2).

Development of an Electromechanical Grade

The electromechanical QP presented a positive lin-
ear relationship within the first ICRS grades 0–3
(Fig. 2). This finding allowed modeling of the average
QP within each degeneration grades knowing the
average reference value QPREF obtained precisely at
any position through the electromechanical reference
database. Thus, the linear positive relation permitted
computation of the average QP for ICRS grades 1–3
(QP1, QP2 and QP3) at any given location of mea-
surement; QP4 being 0 always. Knowing these average

QPs lead to the linear transformation of electrome-
chanical QP (values between 0 and 37) to obtain the
electromechanical grade (values between 21 and 4).
When the electromechanical QP value is within the
distribution of both ICRS grade 0 and ICRS grade 3.5,
the user input on the appearance of cartilage will allow
making the correct grade choice to compute an elec-
tromechanical grade between 0 and 1 or between 3.5
and 4. Moreover, the natural variability of the elec-
tromechanical reference database was calculated to
provide a 95% confidence interval for the average QP
of normal cartilage (ICRS grade 0). Thus, during the
conversion from the electromechanical QP to the
electromechanical grade, all values within that confi-
dence interval were graded 0. Also, a cartilage repair
assessment was incorporated into the electromechani-
cal grading system based on previous results in a sheep
model,23 where abnormally thin cartilage (incomplete
repair) could be assessed by subtracting the reference
electromechanical QP from the measured QP and
resulted in a negative value. This negative value will be
normalized by dividing by the reference electrome-
chanical QP. Thereby, the electromechanical grading
system could be used as a complete cartilage assess-
ment technique (Fig. 2) where an electromechanical
grade close to zero corresponds to normal cartilage, a
positive grade to degenerated cartilage and a negative
grade to abnormally thin cartilage (incomplete repair).

Effect of Location on the Electromechanical Grade

Receiver operating curve analyses were performed
considering 4 distinct regional segmentations for the
location of measurement (Fig. 3). The area under the
curve (AUC) was reported as an indicator of the sen-
sitivity and specificity of the electromechanical grade
obtained considering each regional segmentation to-
wards the differentiation between ICRS grades. The
high-resolution regions offered the best sensitivity and
specificity in the differentiation between ICRS grades.
However, since high-spatial-resolution measurements
are expected to be difficult to achieve in a clinical
context, the other cases were examined to determine
the best regional consideration. In the differentiation
between ICRS grades 0 vs. 1, all the cases obtained a
high and similar AUC ranging from 0.960 to 0.964
(Fig. 3). The same can be observed for the differenti-
ation between ICRS grades 1 vs. 2 where the AUC
ranges from 0.865 to 0.888 (Fig. 3). However, consid-
ering the differentiation between ICRS grade 1 vs. 3,
the 5 regions segmentation allowed a remarkable dis-
tinction (AUC = 0.980; Fig. 3) compared to the 1 and
4 regions cases (AUC = 0.942 and AUC = 0.955,
respectively; Fig. 3). Once more, the 5 regions case
obtained a higher sensitivity and specificity

FIGURE 2. Box plot of the electromechanical QP as a func-
tion of ICRS grade and cartilage repair outcome (incomplete
repair) for the posterior femoral condyles. ICRS grade 3 was
separated in 2 sub-grades following the increase of lesion
depth towards bone such as ICRS grade 3 and ICRS grade 3.5.
An increase of the electromechanical QP can be observed
from grade 0 to grade 3 while the electromechanical QP de-
creases from ICRS grade 3 and becomes 0 for ICRS grade 4.
The same trend can be observed for all other knee articular
surfaces. Incomplete repair of cartilage exhibits a lower
electromechanical QP than normal cartilage (QPREF) and is
represented by the blue dotted line. Box plot shows median
value (central horizontal solid line) and mean value (central
horizontal dotted line), first and third quartiles (box) and
1.5 3 interquartile range (bars).
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(AUC = 0.821; Fig. 3) than the other two
(AUC = 0.791 and AUC = 0.804, respectively; Fig. 3)
in the differentiation between ICRS grades 2 vs. 3. This
analysis endorsed the number of regional segmenta-
tions required to provide an accurate grading of car-
tilage quality in clinical context which is at least 5
regions: such as the distal femur (trochlea and anterior
femoral condyles), the posterior femoral condyles, the
patella, the tibial plateau covered and not covered by
the meniscus. Therefore, to get a reliable grading, it is
not essential to know the exact position of each mea-
surement point, but only to know on which of these 5
regions the measurement was done. This information
can be provided in a grading algorithm with user input.

Grading Algorithm

An algorithm was developed to compute the elec-
tromechanical grade and therefore, grade cartilage
quality in real-time. Based on all those results, which
showed the electromechanical QP variation with
degeneration, the need of user input to distinguish
between normal and very severe cartilage degeneration
(cartilage thinning) and the effect of location on the
electromechanical QPs, the grading algorithm was
conceived (Fig. 4). The first step in the algorithm is to
input to the software the location of measurement (one
of the 5 regions previously mentioned in clinical con-
text or the exact location in research context, if a
mapping is desired). Once the location of measurement
is provided, the algorithm searches into the reference
electromechanical database to obtain QPREF. Know-
ing QPREF, the modeling of QP1, QP2 and QP3 can be
performed and the linear transformation of the elec-
tromechanical QP into the electromechanical grade is
done. The user indicates in the software when the
articular surface contains regions with severe cartilage
degeneration (cartilage thinning) or when it has been
subjected to a cartilage repair procedure. This will al-
low the software to minimize the number of request of
user input about cartilage appearance. The elec-
tromechanical grade is calculated following each

measurement and is displayed. To summarize all elec-
tromechanical grades obtained within the selected re-
gion, the software also displays a relative frequency
count for each electromechanical grade segment (fa-
cilitate decision making) and a mapping of the elec-
tromechanical grade over the articular surface
(facilitate visualization of distribution of lesions)
(Fig. 4).

Implementing the Electromechanical Grade to Detect
Cartilage Degeneration

A Pearson analysis revealed a strong positive cor-
relation between the electromechanical grade and
ICRS grade (r = 0.92, p< 0.0001; Fig. 5) indicating a
good agreement between the two grades. Additionally,
the percentage of lesions (grade ‡1) for each sample
was calculated for both grading systems and were
plotted against each other to examine the relationship
between both assessments (Fig. 6). The percentage of
lesions defined by the electromechanical grade was
always greater or equal to the one defined by the ICRS
grade suggesting a higher sensitivity in defining carti-
lage degradation for the electromechanical technique.
When considering the mappings of both grading sys-
tems (Fig. 7), the electromechanical grade showed
early degenerated regions (beige–yellowish regions
with a grade between 0.5 and 2) not detected macro-
scopically by the surgeon (white regions with an ICRS
grade of 0). Furthermore, the degeneration stage
seemed more advanced when defined by the elec-
tromechanical grade (orange–reddish regions with a
grade between 2.5 and 3.5) than the ICRS grade (yel-
low and orange regions with an ICRS grade of 1 and 2
respectively) (Fig. 7).

DISCUSSION

The addition of quantitative assessment of cartilage
quality to the process of macroscopic grading systems
is required by the majority of arthroscopists to aid

TABLE 2. Fixed effects for model predicting electromechanical QP for each ICRS grade.

Parameter ICRS grade 0 ICRS grade 1 ICRS grade 2 ICRS grade 3 ICRS grade 3.5

Patient-specific

Age p = 0.12 p = 0.29 p = 0.82 p = 0.58 p = 0.17

Body mass index p = 0.14 p = 0.61 p = 0.15 p = 0.69 p = 0.69

Gender p = 0.08 p = 0.90 p = 0.62 p = 0.18 p = 0.21

Smoking status p = 0.84 p = 0.24 p = 0.34 p = 0.92 p = 0.16

Location-specific

Articular surface p<0.0001* p< 0.0001* p<0.0001* p< 0.0001* p<0.0001*

ICRS grade 4 is not presented since all electromechanical QPs within that grade are equal to 0.

* p< 0.05.
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FIGURE 3. Receiver Operating Characteristics (ROC) curves assessing the sensitivity and specificity of the electromechanical
grade in the differentiation between ICRS grades for different regional segmentation. The area under the curve (AUC) is reported
for each regional segmentation. Four comparisons were investigated: 1 region being the knee, 4 regions being each articular
surface, 5 regions being each articular surface but dividing the tibial plateau in 2 distinct regions such as covered and not covered
by the meniscus and high-resolution regions (at least 50 regions per articular surface).

FIGURE 4. Software interface overview. After entering pertinent patient info and indicating which knee is under investigation, the
user indicates to the software which of the 5 regional segment—distal femur (trochlea and anterior femoral condyles), posterior
femoral condyles, patella, tibial plateau covered and not covered by the meniscus—will be characterized. The user provides input
on the presence of cartilage repair or severe degeneration for that surface and indicates if he wishes to perform a detailed
mapping. The device is then ready for measurement. Following each measurement, an electromechanical score is displayed. After
completing all measurements over the articular surface, the software displays an average electromechanical score and a relative
frequency count for each electromechanical score segment. A mapping of the electromechanical score over the articular surface is
also displayed. If needed, the user can repeat this process for another articular surface.
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clinical decision making. The current study presented
the development and verification of a novel elec-
tromechanical grading system which offers a quanti-
tative and reliable assessment of cartilage function.
The results supported our first hypothesis stating that
the electromechanical QP of cartilage increases as its
degeneration progresses until cartilage thinning where
the electromechanical QP decreases towards 0, con-
sistent with many previous studies which observed
mechanical and electromechanical responses of carti-
lage decreasing in the course of OA.1,4,13,14 The elec-

tromechanical QP increased by approximately 4 QP
units for each ICRS grade from 0 to 3 (Fig. 2), similar
to a previous study which showed a stiffness loss of
about 25% in human tibial plateaus for each ICRS
grade.13 To our knowledge, studies always neglected
testing on severely fibrillated and fissured tissue and
thus, no one has ever reported the distinct variation of
cartilage electromechanical properties from early-stage
degeneration compared to end-stage degeneration
(cartilage thinning) which was observed in the current
study. Indeed, we identified two distinct electrome-
chanical QP distributions within ICRS grade 3 which
were classified as grade 3 and 3.5 (Fig. 2). Higher QPs
were attributed to cartilage generating very low com-
pression-induced streaming potentials due to matrix
integrity loss, thus requiring many microelectrodes to
reach a sum of 100 mV. Lower QPs resulted from
cartilage thinning due to severe degradation of the
cartilage tissue so during cartilage compression, the
interstitial pressure rises resulting in high streaming
potentials, thus fewer microelectrodes are required to
reach a sum of 100 mV. This interesting cartilage’s
electromechanical behaviour has not been previously
reported, but many studies have reported a decrease in
cartilage stiffness with cartilage degeneration.13 Simi-
larly to what we observed for the electromechanical
properties, when reaching a certain cartilage degener-
ation level, where cartilage thinning is evident, the
stiffness measured would increase instead of decreasing
due to the presence of the bone.

We investigated the possible influence of patient-
specific characteristics on the properties of knee carti-
lage, more specifically its electromechanical response,
for each degeneration state. Indeed, since many studies
have indicated an increase in the prevalence of
osteoarthritis with aging, obesity or in women,12 we
first thought that the grading algorithm needed to be
customized according to patient-specific attributes.
However, we found no evidence that patient charac-
teristics available in this study affected the electrome-
chanical QP for each ICRS grade (Table 2) and thus,
need not be considered in the grading algorithm. Per-
haps surprisingly, the electromechanical properties of
normal cartilage at matched-location of elderly people
was found similar to those of young people. This result
supports another study revealing that osteoarthritis is
independent of the process in which cartilage changes
with aging and thus, the disease is not absolutely a
consequence of aging.17 Our study emphasizes once
more that the spatial variation of cartilage properties
within an articular surface needs to be advised to
provide an accurate grade.18 We found that at least 5
specific regions need to be considered (Fig. 3). These
regions are the distal femur (trochlea and anterior
condyles), the posterior femoral condyles, the patella,

FIGURE 5. Scatter Plot of pooled data (from all positions of
the 37 articular surfaces). A strong positive correlation can be
observed between the electromechanical grade and the ICRS
grade. The presented electromechanical grades were calcu-
lated considering the high-resolution segmentation. Scatter
plot shows mean value (grey marker) and standard deviation
(error bars).

FIGURE 6. Scatter plot of the percentage of lesions found by
the electromechanical grade (Y-axis) and the percentage of
lesions found by the ICRS grade (X-axis). Lesions are defined
when the ICRS grade or the electromechanical grade is
greater or equal to 1. The dotted line represents a perfect
match between the two grades. The percentage of lesions
detected by the electromechanical grade is greater or equal to
the one detected by the ICRS grade. Distal femurs, patellas
and tibial plateaus from OA asymptomatic donors are repre-
sented by square, diamond and circle markers respectively.
Tibial plateaus from patients undergoing total knee replace-
ment surgeries are represented by a triangle marker.
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and the tibial plateau covered and not covered by the
meniscus. Existing literature suggests effectively a sig-
nificant difference between the associated structures of
cartilage in the region covered compared to the region
not covered by the meniscus28 and a difference between
femoral cartilage compared to patellar cartilage.10

Thereby, incorporating region-specific electromechan-
ical patterns into the grading algorithm offers higher
sensitivity and specificity.

The verification of the newly developed electrome-
chanical grading system revealed a strong positive
correlation between the electromechanical grade and
the ICRS grade (Fig. 5) and highlighted several inter-
esting findings. First, 84% of the articular surfaces
used for the verification were issued from asymp-
tomatic cadaveric donors where most of their surface
were macroscopically evaluated as normal (ICRS 0)
(Fig. 6). However, the electromechanical grade was
able to detect early degeneration up to a grade of 2
where the surgeon reported an ICRS grade 0 (Figs. 6
and 7). This is in concordance with many publications
where the macroscopic assessment of cartilage was
widely reported as biased since visual normal cartilage
is not necessarily healthy.5,24 One assumption is that a
uniformly early degenerated surface will appear nor-
mal to the surgeon due to the lack of more degenerated
regions to compare to. Additionally, at some regions,
the electromechanical grade was almost one full grade
higher than the macroscopic visual score (Fig. 7).

Likewise, previous investigators have reported the
difficulty in distinguishing between ICRS grade 1 vs. 2
and ICRS grade 2 vs. 3.26 One could think that the
electromechanical grading system could over-diagnose
early cartilage degeneration. However, electrome-
chanical properties are quantitative, direct and sensi-
tive measurements of functional properties of the
cartilage8,15,24,25 reported to detect early cartilage
degeneration before any macroscopic changes could be
observed,24 while the ICRS grade remains a qualitative
and subjective assessment of cartilage degeneration.26

Given that the electromechanical grading system pro-
vides a more precise grading of cartilage degeneration
analogous to the ICRS grade, in vivo quantitative
assessment of cartilage structure can provide the sur-
geon with immediate information on cartilage health
during surgery. Using a precise electromechanical
grading scale instead of a subjective visual scale would,
for example, lead to a complete and more extensive
removal of diseased cartilage in cartilage repair sur-
gery. In turn, this could lead to a structurally more
durable repair having removed all the diseased carti-
lage. Additionally, using electromechanical gradation
may allow proper selection of the donor site during
mosaicplasty or when using a fresh osteochondral
allograft as the donor tissue.

This study has several limitations, including a sec-
ond freeze–thaw cycle before ICRS macroscopic
scoring by the surgeon. We believe that a second

FIGURE 7. Representative mappings of the ICRS grade and electromechanical grade for each type of articular surface. The
mappings of the electromechanical grade shows early degenerated regions (beige-yellowish regions with an electromechanical
grade between 0.5 and 2) not detected macroscopically by the surgeon (white regions with an ICRS grade of 0). Also, the
degeneration stage seems more advanced when defined by the electromechanical grade (orange–reddish regions with an elec-
tromechanical grade between 2.5 and 3.5) than the ICRS grade (yellow and orange regions with an ICRS grade of 1 and 2
respectively)—as shown by the black arrows on the OA tibial plateau. The black dotted lines represent missing parts of the OA
tibial plateau.
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freeze–thaw cycle would have minimal influence on the
macroscopic appearance of the surface and thus,
would not substantially tamper the ICRS grade
assessment. Indeed, the use of two freeze–thaw cycles
was justified by many studies reporting no impact on
the mechanical properties after three freeze–thaw cy-
cles at 280 �C in animal models,21 and that a maxi-
mum of two freeze–thaw cycles minimize any effects
associated with freezing of human cartilage.2 Another
limitation of the study involves the impractical differ-
entiation between normal and extremely worn cartilage
when considering the electromechanical QP alone.
Fortunately, the macroscopic distinction between
ICRS grade 0 and 3.5 is obvious and thus, user input
can be used to account for the presence of cartilage
thinning in the calculation of the electromechanical
grade. Yet, an ongoing study is investigating the raw
streaming potential distribution recorded during mea-
surement to find indicators that might be used to dif-
ferentiate automatically between these two grades.
Moreover, our hypothesis that the electromechanical
QPs of abnormally thin cartilage (incomplete repair)
would be lower than hyaline-like (normal) cartilage
was supported by cartilage repair data obtained in
sheep,23 while validation is still required in human.
Nonetheless, major limitations of our study come from
the fact that our samples were stored for a relatively
extended period (maximum of 3 years) and that only
one surgeon performed the ICRS grading, therefore
inter-observer reliability could not be evaluated which
could contribute to variation in QP within and between
low grades (ICRS grade 0–2). Thus, additional ex vivo
and clinical studies are envisaged for a complete vali-
dation of this electromechanical grading system. One
more limitation of this study is that this grading system
is only applicable to articular surfaces of the knee, thus
similar studies will be needed to apply it to other joints.
Despite these shortcomings, the newly developed
grading system could be useful in many areas such as
clinical diagnostics to assist in decision making and
monitoring, research such as cartilage repair or wear
patterns studies and quality control where articular
surfaces intended for transplantation would be
assessed to ensure their compliance.

The need is urgent for an instrument to stan-
dardize and quantify diagnosis of cartilage in its
early stage of degeneration where the macroscopic
grading system fails. Here we have described the
development and reliability of an electromechanical
grading system which precisely distinguishes normal
cartilage from the various stages of degeneration.
This arthroscopic probe will provide a real-time
quantitative grading of cartilage quality during
arthroscopic procedures, and will be especially useful
in questionable cases where macroscopic assessment

is insufficient to accurately differentiate between low-
grade and high-grade cartilage lesions, to establish
appropriate treatment.
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