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Abstract. This study investigates the capacity of optical spectroscopy in the visible (VIS) and near-infrared (NIR)
spectral ranges for estimating the biomechanical properties of human meniscus. Seventy-two samples obtained
from the anterior, central, and posterior locations of the medial and lateral menisci of 12 human cadaver joints
were used. The samples were subjected to mechanical indentation, then traditional biomechanical parameters
(equilibrium and dynamic moduli) were calculated. In addition, strain-dependent fibril network modulus and per-
meability strain-dependency coefficient were determined via finite-element modeling. Subsequently, absorption
spectra were acquired from each location in the VIS (400 to 750 nm) and NIR (750 to 1100 nm) spectral ranges.
Partial least squares regression, combined with spectral preprocessing and transformation, was then used to
investigate the relationship between the biomechanical properties and spectral response. The NIR spectral
region was observed to be optimal for model development (83.0% ≤ R2 ≤ 90.8%). The percentage error of
the models are: Eeq (7.1%), Edyn (9.6%), E ε (8.4%), andMk (8.9%). Thus, we conclude that optical spectroscopy
in the NIR range is a potential method for rapid and nondestructive evaluation of human meniscus functional
integrity and health in real time during arthroscopic surgery. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
The menisci function as secondary stabilizers1,2 and facilitate load
distribution in the knee joint.3 They contribute to joint lubrica-
tion,4 nutrition of articular cartilage,4 and proprioception.5 The
meniscus is composed of extracellular matrix (ECM) and fibro-
chondrocytes. The ECM consists mainly of interstitial fluid, vari-
ous types of collagen, and in smaller proportions, proteoglycan
(PG) macromolecules, and elastin.6 The proportions of the differ-
ent collagen types vary between anatomical locations, but type I
collagen is predominant.7 Meniscus is organized structurally in a
layered architecture, with varying collagen types and structures in
the different layers.8 The concentrations of water, collagen, and
PG in meniscus are site- and depth-dependent. Meniscus is par-
tially vascularized, and based on its vascularity, it can be
divided into three different regions: the fully vascularized periph-
eral region (red–red zone), the partially vascularized mid region
(red–white zone), and the inner avascular region (white–white
zone).9 This difference in blood supply to the different zones
of meniscus is directly related to its repair and regeneration capac-
ity after trauma or injury. It has been shown that as the compo-
sition, structure, and morphology of meniscus change, its
functional properties also change.10

The functional properties of meniscus deteriorate due to
injury and/or aging.11,12 Meniscal injuries are common in sports
where there are risks of exposure to high peak stresses.13 During
degeneration, meniscus water content increases, while its

collagen and PG contents decrease,11 resulting in alteration of
its biomechanical properties.14,15 Since the menisci mainly per-
form biomechanical function, estimation of their biomechanical
properties is essential when assessing their integrity. In addition,
characterization of meniscus biomechanical integrity is impor-
tant for evaluation of joint function and assessment of the risks
of joint degeneration.

Currently, assessment of meniscal injuries are based on clini-
cal examination, followed by radiography and/or magnetic res-
onance imaging, with repair performed during arthroscopic
surgery. However, evaluation of joint tissue injuries and degen-
eration during arthroscopy is limited by its poor intra- and inter-
observer reliability, and is often restricted to assessment of the
superficial tissue.16–18 Thus, there is a need for methods that can
eliminate subjectivity while enabling deep tissue probing and
quantitative evaluation in real time during surgery.

Several promising optical methods are being investigated for
evaluating musculoskeletal tissues including near-infrared (NIR)
spectroscopy,19–24 midinfrared spectroscopy (mid-IR),25 and opti-
cal coherence tomography.26 NIR spectroscopy is a fast, nonde-
structive method that can be applied in real time for diagnosis. It is
based on vibrations of polar anharmonic bonds (e.g.,C─H,N─H,
and O─H) in organic materials,27 with wide absorption peaks
resulting from overtone and combination vibrations.27 This
method has shown promising results in the characterization of
articular cartilage biomechanical properties,19,22 histological
score,28,29 and biochemical composition.30,31 The solid matrix
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of articular cartilage consists mainly of type II collagen, whereas
that of meniscus consists primarily of collagen type I. Although
the macromolecular chains of both collagen types are different,
their structures have profound similarities.32

In the present study, the potential of light in the visible
(VIS) region for assessing human meniscus biomechanical
properties was also investigated.33 The motivation for this is
based on existing literature where the potential of light in the
VIS spectral region for characterizing articular cartilage was
demonstrated.29,34 Recently, we demonstrated the capacity of
NIR spectroscopy to predict the composition of the human
meniscus.33 Since the meniscus has similar composition as artic-
ular cartilage,11,12 we hypothesize that there is a relationship
between the biomechanical properties of human meniscus
and its NIR optical response. The motivation behind this
hypothesis is a combination of the structure (composition)–
function relationship of meniscus and the correlation between
the spectral response and the composition of meniscus, estab-
lished in our recent study.33 We test our hypothesis by investi-
gating the relationship between meniscus spectral response and
its biomechanical properties, evaluated by indentation testing
and computational modeling using multivariate statistical tech-
nique based on partial least squares (PLS) regression.

2 Materials and Methods

2.1 Sample Preparation

Medial and lateral menisci were obtained from human cadavers
(N ¼ 12, 11 males, 1 female; 24 to 76 years old, mean
age ¼ 51.9 years), with no history of joint disease. The thick-
ness of the samples at the measurement location varied from 2.4
to 7.8 mm with mean and median thicknesses of 4.0 and
3.9 mm, respectively. The human cadaver knees were obtained
from Central Finland Central Hospital, Jyväskylä, Finland,
under ethical approval by the National Authority for
Medicolegal Affairs, Helsinki, Finland (permission 1781/32/
200/01). After extraction from the joint, each meniscus sample
was wrapped in a saline-soaked gauze. To prevent freeze drying,
the gauze wrapped samples were sealed in airtight ziplock bags
prior to storage at −20°C. Since the samples were frozen after
extraction from the cadaver knee joints due to logistics and time
constraints, freezing may have induced slight changes in their
biomechanical properties.35–37 However, since the storage con-
dition was consistent for all the samples, any storage-induced
changes in the tissue properties are expected to be systematic.
When required, the samples were thawed by immersing the zip-
locked bags in a water bath at room temperature; the samples
were then immersed in phosphate buffered saline (PBS) supple-
mented with inhibitors of proteolytic enzymes: ethylenediami-
netetraacetic acid dehydrate (EDTA; VWR International,
Fontenay-sous-Bois, France) and benzamidine hydrochloride
hydrate (Sigma-Aldrich Inc., St. Louis, Missouri).

2.2 Biomechanical Testing

The intact nonexcised meniscus sample was glued on a sample
holder, and mechanical nondestructive indentation tests were
then performed at premarked sites on the meniscus (anterior,
central, and posterior) while fully immersed in PBS containing
protease inhibitors.15 Indentation tests were kept nondestructive
(20% of tissue thickness) to preserve the biomechanical integrity
of the tissue and its surface continuity during testing.

Preservation of the biomechanical integrity was confirmed
based on qualitative histological analysis from thin slices
taken at the indentation sites. Mechanical testing was conducted
using a custom-made material testing system38 equipped with
a high-precision load cell (model 31/AL311AR, Honeywell,
Columbus, Ohio; resolution: 0.005 N) and an actuator
(PM1A1798, Newport Corporation, Irvine, California; resolu-
tion: 0.1 μm). The transparent PBS-filled measuring chamber
was tilted such that the indenter was perpendicular to the menis-
cus surface (Fig. 1). Indentation was performed using a cylin-
drical stainless steel indenter with a polished impermeable
plane-ended tip (d ¼ 1.19 mm). Contact between the indenter
tip and meniscus surface was verified visually. In addition, a
pre-stress of 6 kPa was applied. Dynamic pre-conditioning
(sinusoidal loading, 2% strain, four cycles) of the sample was
performed after the relaxation. With a ramp rate of 100% s−1

and a <10 Pamin−1 relaxation criterion, four compressive
steps (5% of remaining meniscus thickness per step) were
applied. The applied strain rate (5% of meniscus thickness
per step, with 100% s−1 strain rate) is within the physiological
levels of in vivo loading.39,40 After the stress-relaxation test, the
dynamic test was conducted using sinusoidal cycle with an
amplitude of 2% of the remaining meniscus thickness at a fre-
quency of 1 Hz.15 After biomechanical testing, samples were
allowed to fully recover and equilibrate in 0.15-M PBS.

2.3 Analysis of Biomechanical Tests

Equilibrium modulus Eeq was calculated from the experimental
stress-relaxation data by assuming the tissue as elastic and
isotropic,38 taking the tissue thickness and indenter diameter
into consideration as follows:41

EQ-TARGET;temp:intralink-;e001;326;134Eeq ¼
ð1 − ν2Þπa

2κh
σ

ε
; (1)

where ν is the Poisson’s ratio, a is the radius of the indenter, κ is
the theoretical scaling factor, h is the tissue thickness, and σ

ε is
the slope of the last three steps of the stress–strain curve, fitted to

Fig. 1 Illustration of the biomechanical measurement setup.

Journal of Biomedical Optics 125008-2 December 2017 • Vol. 22(12)

Ala-Myllymäki et al.: Optical spectroscopic characterization of human meniscus biomechanical properties



data points just before the next indentation step when the menis-
cus is in a relaxed state. Poisson’s ratio of ν ¼ 0.3 used in the
calculation of equilibrium modulus was based on the average
value calculated indirectly from three bovine menisci.15,38 For
the calculation of the dynamic modulus (Edyn, 1 Hz), a
Poisson’s ratio of ν ¼ 0.5 (incompressible material, i.e., no vol-
ume loss) was used based on the assumption of insufficient time
for the fluid to flow out from the structure in fast loading.42

For further biomechanical analyses, the meniscus was mod-
eled as a fibril-reinforced poroelastic (FRPE) material using the
finite-element (FE) method. Biomechanical modeling was per-
formed according to the protocol described in Danso et al.15

FRPE models are able to separately determine the mechanical
effects of the main constituents of soft tissues.15,43–45 An axisym-
metric model with porous elements (CAX8RP) was used to
speed up the modeling analyses. To verify if the axisymmetric
assumption is valid, a verification test with a 3-D model was
conducted based on cone beam computed tomography image
stack of a representative sample.15,46 The axisymmetric model
was created for each measurement site (anterior, central, and
posterior, n ¼ 72). The indenter was modeled as rigid and
the bottom of the meniscus was set impermeable and fixed in
all directions. Also, all free surfaces with no contact were
assumed to be fully permeable (zero pore pressure), and the
axis of symmetry and the contact between the indenter and
meniscus (nonporous indenter) were assumed to be imper-
meable. The material parameters comprised the FRPE proper-
ties, developed earlier for cartilage.38,43,47 We concentrated on
obtaining the material properties of the samples, and as the
model captured well all four steps with different strains, utilizing
different loading protocols should not affect the modeling
results.

The FRPE material consists of a fibrillar matrix (collagen
network) embedded in a porous, nonfibrillar matrix (PGs) filled
with interstitial fluid. The (solid) collagen network was modeled
using nonlinear fibrils that resisted only tension determined as
the initial and strain-dependent fibril network modulus (Eε). The
nonfibrillar matrix was modeled as a nonlinear neo-Hookean
porohyperelastic material. Fluid flow through the tissue matrix
was modeled with void ratio-dependent permeability, where
(Mk) is the permeability strain-dependency coefficient.48

All FE analyses were conducted using Abaqus V6.12-3
(Dassault Systèmes Simulia Corp., Providence, Rhode Island),
where the FRPE material was implemented using a user-defined
material script. Using MATLAB (ver. R2010a, MathWorks,
Natick, Massachusetts), the reaction force curve from each sam-
ple- and site-specific axisymmetric FE model was fitted to the
corresponding experimental curve by minimizing the mean
square error between the curves with a built-in minimization
algorithm (fminsearch). The strain-dependent parameters were
obtained from this optimization.

2.4 Optical Spectroscopy of Meniscus Samples

After biomechanical testing, samples were extracted from the
different anatomical locations of the intact menisci (Fig. 2).
From these samples, optical spectroscopy was then performed
using an Avantes spectrometer (spectral range 200 to 1150 nm,
AvaSpec-ULS2048XL, Avantes BV, Apeldoorn, the Netherlands)
fitted with a diffuse reflectance fiber optic probe (optic probe
diameter, dprobe ¼ 3.0 mm and optic fiber core diameter,
dfiber ¼ 0.5 mm) for acquiring the spectral response of the speci-
men. A custom-made light source (P ¼ 40 W) was used to

irradiate the sample (optical power ∼18 mW at the sample sur-
face), with wavelength range covering the VIS and short NIR
spectrum. The experimental setup consisted of an optic fiber
probe positioned opposite to the light source and at 45-deg
angle relative to the specimen’s surface (Fig. 3). The angle of
the probe and light source were optimized based on preliminary
studies. Optical measurements were acquired from a slightly
larger tissue volume due to the nature of the experimental
setup, in which the fiber optic probe was positioned about 2 cm
above the sample. Nevertheless, this does not affect the overall
outcome of this study as the biomechanical measurement location
was within the central area, where the optical measurement was
performed. More so, the surrounding tissue influences the biome-
chanical properties of the sample at the site of measurement.49

A single spectrum, obtained as the average of eight coadded
scans, was collected from the central area of each sample. The
spectrometer is equipped with a broadband detector that allows
simultaneous spectral measurement at discrete wavelengths
within the detector band. The spectrometer integration time
(i.e., scan time) was set to 100 ms, resulting in a total spectral
acquisition time of about 1 s per sample (∼800 ms to acquire
eight spectra that are then averaged to obtain the final spectrum).
This very short spectral acquisition time reduces/eliminates the
risk of the sample drying during measurement. Furthermore,
the samples were kept moist with PBS during the setup and
excessive PBS was wiped off before spectral acquisition.
Spectroscopic measurements were performed in a relatively

Fig. 2 Meniscus sample preparation showing the anatomical loca-
tions selected for measurements. Optical spectroscopy was per-
formed for samples extracted between the dashed lines.

Fig. 3 Illustration of the spectroscopic measurement setup. The
meniscus sample was fixed using a sample holder.

Journal of Biomedical Optics 125008-3 December 2017 • Vol. 22(12)

Ala-Myllymäki et al.: Optical spectroscopic characterization of human meniscus biomechanical properties



dark room and no preparation of tissue surface was required.
Prior to spectroscopic measurements of the meniscus speci-
mens, reference spectrum was measured from a polytetrafluoro-
ethylene-based material, which has 94% reflectance across the
wavelength range.

Spectral data were acquired at a resolution of 0.6 nm
between 200 and 1150 nm. The results were formatted as a
1234-dimensional vector, where each vector element represents
spectral intensity (absorption value) at a specific wavelength.

2.5 Spectral Preprocessing, Multivariate, and
Statistical Analyses

Optical spectral data are often highly multicollinear and thus
a technique, which is capable of de-correlation and feature
extraction such as PLS, is required to relate this multidimen-
sional data to reference measurements. The spectral data (pre-
dictor variables) for all specimens were correlated with their
experimentally measured biomechanical properties (response
variables) using PLS regression technique.27 This statistical
method is defined as

EQ-TARGET;temp:intralink-;e002;63;524yi ¼ b0 þ
XK
k¼1

xikb̂k; (2)

where xi is measured spectral data, yi is the i’th sample’s pre-
dicted data, b0 is the regression constant, b̂k = regression coef-
ficient, and k ¼ 1; 2; : : : ; K (number of predictor data points,
K ¼ 1234 when the full spectral data are used as predictor var-
iable). Optimal use of this PLS multivariate technique requires
correct selection of the number of components, which represents
the number of latent variables to include in the development of
the predictive model.27 Only components that represent signifi-
cant variance in the data are considered in the model develop-
ment, and the efficiency of the developed model is tested using
validation techniques. Too many or too few components would
lead to over-fitting or under-fitting, respectively.

To test the effect of different preprocessing methods on the
accuracy and performance of developed models, spectral analy-
sis was performed using the raw spectrum, spectral derivative
(Savitzky–Golay second derivative), scatter corrective methods
(standard normal variate and multiplicative scatter correction).
A third-order Savitzky–Golay smoothing with window size
of 45 data points was used during second derivative pre-process-
ing. Multivariate analyses were then performed for the NIR
range (750 to 1100 nm).

K-fold cross validation (where k ¼ 6) was used to estimate
the error of each model. In this method, each sample is used in
both training and validation of the model. The samples are di-
vided into six equal groups (folds), where one fold contains the
samples from two patients. One fold is left out (for validation) to
be predicted with the model that is developed with the remaining
folds. The process is repeated until all the folds have been used
for validation. Root mean square error (RMSE) was calculated
from each cross-validation round and finally averaged as root
mean square error of cross-validation (RMSECV). The optimal
model selection was determined by minimizing the number of
components, RMSECV, and RMSEP while maximizing the
coefficient of determination (R2). Prediction error and coeffi-
cient of determination were defined from the final model
where all the samples were used for the model development.
RMSE was evaluated as follows:

EQ-TARGET;temp:intralink-;e003;326;752RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

ðyi − yÞ2
s

; (3)

where n is the number of samples, yi is the i’th predicted
response during cross validation, and y is the mean of measured
responses. Spectral preprocessing and PLS analyses were per-
formed using custom-written script in MATLAB (ver. R2014a,
MathWorks, Natick, Massachusetts).

To test the effect of repeated measures, as multiple samples
were obtained from each subject, differences in reference bio-
mechanical properties between meniscus samples obtained from
each subject were evaluated using generalized linear mixed
model in SPSS (ver. 21.0, IBM Corp., Armonk, New York).
Prior to the analysis, the samples were divided into six groups,
representing samples from anterior, central, and posterior meas-
urement sites in the lateral and medial menisci. These were con-
sidered as fixed variables, whereas the subjects were considered
as random variables.

2.6 Histological Evaluation

For histological evaluation, 3-μm-thick sections were extracted
from locations adjacent to the samples used for biomechanical
and optical measurements, and stained with Safranin-O accord-
ing to the protocol described in Honkanen et al.46 Safranin-O is
a cationic dye that binds stoichiometrically to the negatively
charged glycosaminoglycans, which is indicative of the PG con-
tent of the tissue. PG content is an important factor affecting the
biomechanical properties of meniscus.12

3 Results
The differences between the specimens’ spectra in the NIR
region were consistent with variations in meniscus biomechani-
cal properties (Figs. 3 and 4). The water content in the different
anatomical locations, which influences meniscus biomechanics,
depends upon whether the medial or lateral meniscus was being
examined, with higher water content observed in the medial
meniscus.12,46 Variation in the water content was observed to
be consistent in the NIR region.33 This is due to the full-
depth tissue penetration of light in this region. The reverse is
the case in the VIS region of the spectrum, which is restricted
to the superficial layer of the meniscus.

The effect of preprocessing on the performance of models
developed using spectral data from the NIR optical region is
shown in Table 1. Models based on data from the NIR region
(750 to 1100 nm) gave high correlation (83.0% ≤ R2 ≤ 90.8%)
with the biomechanical properties of human meniscus [Table 1,
Figs. 5(a), 5(c)–6(a), and 6(c)] with low error. Models
developed using spectral data from the VIS region (400 to
750 nm) were observed to be inferior to that based on the
NIR region. Using six to eight principal components was opti-
mal for modeling the relationship between the NIR spectral data
and biomechanical properties of the meniscus samples.

From the generalized mixed model analyses, statistically
significant differences in the biomechanical properties of sam-
ples obtained from the different anatomical locations of the
menisci were observed in all parameters: Eeq (p ¼ 0.038),
Edyn (p < 0.001), Eε (p < 0.001), and Mk (p ¼ 0.044). The
Bland–Altman plots [Figs. 5(b), 5(d)–6(b), and 6(d)] show
agreement between the predicted and measured biomechanical
parameters of the samples. The bias between the predicted
and measured values was negligibly small (0.01%) for all
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Table 1 The effect of different spectral preprocessing methods on PLS model performance for predicting biomechanical properties of meniscus.
(Raw: no preprocessing; SG2D, Savitzky–Golay second derivative; SNV, standard normal variate; MSC, multiplicative scatter correction; ncomp,
number of components used in the model).

A

Eeq Edyn

R2 (%) RMSECV (%) RMSEP (%) ncomp R2 (%) RMSECV (%) RMSEP (%) ncomp

Raw 88.1 9.0 7.1 8 87.1 8.3 8.6 7

SG2D 76.2 10.4 9.4 7 82.2 9.4 8.2 7

SNV 80.2 9.2 10.1 6 83.1 8.0 9.6 6

MSC 83.1 9.5 9.7 6 81.4 8.7 8.9 6

B

E ε Mk

R2 (%) RMSECV (%) RMSEP (%) ncomp R2 (%) RMSECV (%) RMSEP (%) ncomp

Raw 79.7 7.4 9.5 7 90.5 10.7 9.4 8

SG2D 75.4 8.3 9.5 6 76.9 11.8 12.4 7

SNV 75.5 7.2 8.5 6 90.8 10.8 8.9 8

MSC 83.0 7.8 8.4 6 81.6 10.7 12.3 6

Note: The bold values represent the best preprocessing method found in the study for specific biomechanical variable.

Fig. 4 Safranin-O stained human menisci sections and their corresponding raw (a–b) and first derivative
preprocessed spectra (c–d). Sample 1 was extracted from the posterior part of a lateral meniscus and
sample 2 from the anterior part of a medial meniscus.

Journal of Biomedical Optics 125008-5 December 2017 • Vol. 22(12)

Ala-Myllymäki et al.: Optical spectroscopic characterization of human meniscus biomechanical properties



the parameters. The range and mean ± 95% confidence
interval of the reference values used in model creation are
Eeq (0.03 to 0.61 MPa and 0.2� 0.023 MPa), Edyn (0.08 to
3.42 MPa and 0.8� 0.13 MPa), Eε (0.55 to 177.93 MPa
and 28.3� 6.64 MPa), and Mk (0.19 to 44.56 MPa,
12.6� 2.38 MPa).

4 Discussion
In this study, we investigated for the first time the relationship
between the biomechanical properties of the human meniscus
and its optical response. We demonstrated the capability of opti-
cal spectroscopy in the NIR spectral range to estimate the bio-
mechanical properties of the human meniscus. When compared
with a high-frequency intra-articular ultrasound technique (Eeq

R2 ¼ 0.49, RMSECV ¼ 0.08),50 our results suggest that NIR
spectroscopy (Eeq R2 ¼ 0.88, RMSECV ¼ 0.05) is a more via-
ble candidate for nondestructive assessment of meniscus biome-
chanical properties, outperforming the acoustic technique in
terms of accuracy and error.

The outcome of the present study is consistent with
the existing literature on the relationship between the spectral
response and the functional properties of articular carti-
lage,19,20,22,29 which resembles meniscus in terms of
composition.11,12 Although the structure of meniscus differs
from that of articular cartilage, it has similar fibrous (colla-
gen-based) protein content. Having established the relationship
between meniscus biomechanical integrity and its collagen
orientation/structure,51 we recently demonstrated the potential
of NIR spectroscopy for estimating human meniscus ECM com-
position, including collagen and PG contents determined
biochemically.33 This is due to the sensitivity of NIR spectros-
copy to the physical, chemical, and morphological properties of
soft tissues.22,24,28,30,31,52

NIR spectroscopy is sensitive to micro- and macroscopic
changes in soft tissue structure and composition.20,22

Equilibrium and dynamic moduli have been shown to be
influenced by the PG and water contents.53 The modeled
strain-dependent parameters, Eε and Mk, which are related to

the structural integrity of meniscus, are influenced by the PG
and collagen contents and collagen orientation, and the effects
are site-specific.51 Thus, predicting these parameters could pro-
vide information on the functional integrity of meniscus as an
indirect indicator of tissue health. While there are inherent var-
iations in meniscus composition depending on location,12,46 an
earlier study has shown that the composition also changes with
injury and other pathological conditions.11 In addition, Herwig
et al.11 reported significant variation in meniscus water, colla-
gen, and PG contents between different stages of degeneration,
and demonstrated that this variation was not age-dependent.
Thus, the spectral differences observed in this study were asso-
ciated with site-specific variations in meniscus composition,
biomechanics, and overall condition, although the donor cadav-
ers did not have a history of joint diseases. Nevertheless, signifi-
cant spectral changes are expected as degeneration, which alters
meniscus composition, progresses.11

Light in the NIR region penetrates deep into the tissue and
allows full-thickness probing of meniscus properties. Since
spectral absorption of biological materials in the NIR range
arises predominantly from C─H, N─H, O─H, and S─H

bonds,54,55 which constitutes the fundamental structure of
meniscus matrix components, data in this region are indicative
of changes in meniscus composition, which is directly related to
its function (composition–function relationship). This depth-
penetrating capacity of light in the NIR region resulted in
high correlation (Figs. 6 and 7, Table 1) between the measured
and predicted biomechanical properties (83.0% ≤ R2 ≤ 90.8%).
Although meniscus possesses similar matrix composition as
articular cartilage, the exact behavior (reflection/scattering)
and penetration of light in the tissue is unknown and is likely
to differ from that of cartilage, due to the differences in orien-
tation of the collagen fibers and in the PG content.
Understanding of this interaction would require further investi-
gation, possibly through modeling of light propagation and
depth-resolved spectroscopy. Scatter correction preprocessing
methods were optimal for prediction of Edyn, Eε, and Mk.
These methods attempt to minimize variations between the

Fig. 5 Comparison of corresponding raw spectra (a–b) and first derivative preprocessed spectra (c–
d) from different human menisci samples extracted from the central part of a lateral meniscus (sample
1: Eeq ¼ 0.29 MPa, sample 2: Eeq ¼ 0.08 MPa, and sample 3: Eeq ¼ 0.15 MPa).
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samples due to light scatter by centering the spectra relative to
the mean spectrum. The errors observed in the developed mod-
els are expected to decrease as sample size and variance
between the samples increase.

Some samples (from the anterior horn of the meniscus)
appear to be outliers; however, they were not excluded from
the study. Standard practice requires that more information,

such as accuracy of spectral data acquisition and inspection
of the suspected samples, be checked before excluding the
samples from further analysis.56,57 The samples fulfilled
these requirements and thus were retained. In addition, it is
advantageous to retain such samples so that new samples
with similar characteristics can be correctly predicted by
the model.

Fig. 6 Relationship between the values of NIR predicted and measured moduli [Eeq and Edyn in (a) and
(c), respectively] for the human meniscus samples; p < 0.0001. Bland–Altman plot illustrates agreement
of the values of predicted and measured moduli (b and d). There are 24 samples in each group (anterior,
central, and posterior) (Eeq, equilibrium modulus; Edyn, dynamic modulus).

Fig. 7 Relationship between the values of NIR predicted and measured moduli [E ε andMk in (a) and (c),
respectively] for the human meniscus samples; p < 0.0001. Bland–Altman plot illustrates agreement of
the values of predicted and measured moduli (b and d). There are 24 samples in each group (anterior,
central, and posterior) (E ε, strain-dependent fibril network modulus;Mk , permeability strain-dependency
coefficient).
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The first three PLS loadings based on the NIR spectral
region, which account for the highest variance in the spectral
data and indicate the contribution of specific spectral regions
to the PLS model used in predicting the different biomechanical
properties, are shown in Fig. 8. The loading weights associated
with the NIR spectra of meniscus, like articular cartilage,31,29

incorporate unique spectral features characteristic of the fluid
(water) and solid (collagen and PGs) constituents of the matrix.
Water-related absorption, evident by the dominant water peak
between 950 and 977 nm [Figs. 4(b) and 4(d)], indicates strong
contribution of meniscus water content to the correlation
between its spectral data and biomechanical parameters.
Noticeable contributions from the C─H peak between 830
and 845 nm, attributable to the solid matrix components of
meniscus,58 can be observed as well. The loading plots suggest
that meniscus water content contributes significantly via the sec-
ond principal component to the predictive models of Eeq, Edyn,
and Eε, and via the first and third principal components in the
case of Mk.

A possible limitation of the current study is that the effect of
blood in the tissue’s spectral response was not accounted for, as
the blood in the samples was flushed out prior to storage and
measurement. Blood is a major absorber of light and its effect
on the spectrum requires further investigation. Thus, further opti-
mization of the method and protocol is required before the
method can be applied for in vivo use. In addition, further studies
are required to investigate the variation in biomechanical proper-
ties between the different meniscus zones (i.e., red–red, red–
white, and white–white). Since meniscus properties are site-spe-
cific, a potential extension of the optical technique would be to
map the spatial distribution of meniscus biomechanical proper-
ties. We have previously demonstrated this concept for articular
cartilage59,60 using NIR spectroscopy. However, spatial mapping
of meniscus properties was not conducted in this study as there
were too few measurement locations per meniscus, and mapping
was not part of the aim of the present study.

The number of samples used to develop the models in this
study was limited. Large number of samples from patients with
varying meniscus condition would be needed to develop a more

robust model prior to in vivo application. In future studies, dif-
ferent types of meniscal injuries and degeneration would need to
be considered with respect to how they affect the optical proper-
ties of the tissue and how different the variation between healthy
and damaged meniscus is from the site-specific variation.

It is worth noting that the samples were obtained from cadav-
ers with no history of joint diseases, thus they do not necessarily
represent the full range of meniscus conditions (including normal
and different levels of degeneration) expected in human patients.
Additionally, the experimental setup adopted in this study is not
optimal for clinical application; nevertheless, this does not alter
the underlying hypothesis and outcome of the study. The meas-
urement setup can easily be modified for arthroscopic application,
e.g., by integrating the spectrometer light source and detector into
one unit applied via a contact optical fiber probe.

5 Conclusion
Optical absorption spectrum of human meniscus, in the NIR
spectral range, correlates with its biomechanical properties.
NIR spectroscopy is a potential method for rapid and nonde-
structive evaluation of human meniscus mechanical integrity
and health in real-time during arthroscopic surgery. For holistic
characterization of overall meniscus health and deterioration
in vivo, we propose a combination of both predicted biochemical
composition33 and biomechanical integrity. However, further
study is required to optimize the method for in vivo application.
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Fig. 8 PLS loading plots of the first three components of (a) Eeq, (b) Edyn, (c) E ε, and (d) Mk with the
corresponding variances explained by each component (Eeq, equilibrium modulus; Edyn, dynamic modu-
lus; E ε, strain-dependent fibril network modulus; Mk , permeability strain-dependency coefficient).
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