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Abstract

Articular cartilage is a hyaline cartilage that lines the subchondral bone in a diarthrodial joint. 

Near infrared (NIR) spectroscopy has been emerging as a nondestructive modality for evaluation 

of cartilage pathology. However, studies of the depth of penetration of NIR radiation into cartilage 

are lacking. The average thickness of human cartilage is about 1-3 mm, and it becomes even 

thinner as OA progresses. To ensure that the spectral data collected is restricted to the tissue of 

interest i.e. cartilage in this case, and not from the underlying subchondral bone, it is necessary to 

determine the depth of penetration of NIR radiation in different wavelength (frequency) regions. 

In the current study we establish how the depth of penetration varies throughout the NIR 

frequency range (4000-10000 cm-1). NIR spectra were collected from cartilage samples of 

different thicknesses (0.5 mm to 5 mm) with and without polystyrene placed underneath. A 

separate NIR spectrum of polystyrene was collected as a reference. It was found that the depth of 

penetration varied from ∼1 mm to 2 mm in the 4000-5100 cm-1 range, to ∼3 mm in the 

5100-7000 cm-1 range, and to ∼5 mm in the 7000-9000 cm-1 frequency range. These findings 

suggest that the best NIR region to evaluate cartilage only with no subchondral bone contribution 

is between 4000-7000 cm-1.

Introduction

Articular cartilage is a hyaline cartilage that lines the subchondral bone in a diarthrodial 

joint. It is composed primarily of collagen type II, proteoglycans, cells and water. Cartilage 

has zonal organization with respect to depth, and is typically divided into a superficial, 

middle, deep and calcified zone. The cell morphology, collagen fiber orientation and 

composition varies throughout the zones1. Water and collagen content vary from being 

greatest at the surface to lowest in deep zone. However, proteoglycan content has the 

opposite trend, with a lower content at the surface and higher content in the deep zone. The 

primary function of cartilage is to provide frictionless motion and act as a shock absorber. 

The mechanical properties of cartilage are due to its composition where collagen provides 

tensile strength and proteoglycans are responsible for compressive stiffness. The primary 

functions of water in cartilage are shock absorption during loading, transport of nutrients, 

and lubrication2.
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Osteoarthritis (OA) is a progressively disabling disease characterized by wear and tear of 

cartilage. Approximately 27 million adults in United States are estimated to have OA, with 

prevalence correlated with age and obesity3. The pathology of OA is characterized by a 

damaged collagen network, loss of proteoglycan, and an increase in water content, often 

resulting in fibrillation and thinning of articular cartilage4. Articular cartilage is avascular 

and acellular therefore it has very little capability to repair itself 5. Clinically, arthroscopy 

has been used as a ‘Gold Standard’ to diagnose and treat intra-articular tissues, such as 

cartilage6, meniscus7, and ligament8 injuries. During standard arthroscopy procedures, the 

knee joint is filled with pressurized saline to keep the joint open as well as wash off the 

synovial fluid to give surgeons a clear view of cartilage. Surgeons can view the cartilage 

with the arthroscope on a monitor and make a decision on the quality of the cartilage. 

However, arthroscopic evaluations can be observer dependent9, 10. More quantitative 

outcome measures are under development11, including advanced magnetic resonance 

imaging (MRI) analyses. MRI has a long, though not entirely successful, record in the 

noninvasive evaluation of cartilage12-14. Limitations of the MRI approach include limited 

spatial resolution, lack of molecular specificity, and the difficulties of partial volume 

averaging effects. Thus, the detection of thin fissures, cartilage flaps, and shallow defects 

can present a substantial challenge15, 16. Further, MRI is not typically utilized intra-

operatively.

Fourier transform infrared (FT-IR) exhibits a high degree of specificity to molecular 

structure and compositional changes in tissue. The mid infrared (MIR) spectral absorbances 

from connective tissues are well understood, but MIR radiation exhibits a penetration depth 

of only ∼10 microns through tissue, restricting its utility to the study of surface 

characteristics and degradation17, 18. Near infrared (NIR) spectroscopy has been emerging as 

a nondestructive modality for cartilage evaluation19-21. It has been shown that NIR spectra 

correlate with cartilage matrix composition22-24, thickness25, mechanical response of intact 

and artificially degraded cartilage26, degradation enzymatically27, traumatic degradation28, 

as well as histological grading schemes, such as the Mankin score 29, 30. In addition, several 

studies are advocating the use of NIR probes arthroscopically to evaluate early 

degeneration19, 21. It is a well-known fact that NIR penetrates to a much greater depth, 

∼mm to ∼cm 31, 32. Several studies have shown that the depth of penetration of NIR 

radiation is wavelength dependent, and varies with tissue type. Lammertyn et al. 

demonstrated that the depth of penetration of NIR radiation varied from 2-3 mm at 900-1900 

nm (5263 cm-1-11111 cm-1) to 4 mm at 700-900 nm (11111 cm-1 -14285 cm-1) in an apple 

thickness study32. In another study, the depth of penetration in a neonatal head ranged from 

6.3-8.5 mm in the 700-900 nm (11111 cm-1 -14285 cm-1) spectral range31. Previous NIR 

studies with cartilage have looked at the depth of penetration of NIR in cartilage25, 27, with 

the primary goal being to ensure that the NIR radiation penetrates through the sample 

thickness. However, studies of the depth of penetration of NIR radiation at different 

wavelengths in cartilage are lacking. The average thickness of human cartilage is about 1-3 

mm, and it changes according to the location of cartilage33, 34 with age35, and with disease, 

thinning as OA progresses. In order to ensure that the spectral data collected is restricted to 

the tissue of interest i.e. cartilage in this case, and not from the underlying subchondral bone, 

it is necessary to determine the depth of penetration of NIR in different wavelength regions. 
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In the MIR, bone has a strong phosphate absorbance at 900-1200 cm-1 36 which can be used 

to differentiate the tissue from cartilage. However, in the NIR spectral region of interest, 

there is no phosphate absorbance present. Therefore, the motivation of the current study was 

to establish how the depth of penetration varies throughout the NIR frequency range 

(4000-10000 cm-1) in cartilage.

Material and methods

Material

Cartilage plugs of 5 mm diameter (n=5) were harvested from freshly dissected newborn 

bovine knee joints (Research 87, Boylston, MA). These plugs were cleaned to completely 

remove bone and were cut into varying thicknesses, ranging from 0.5 mm to 5 mm using a 

tissue cutter (Zivic Instruments, Pittsburgh, PA). The thickness of each cartilage slice was 

measured three times with a caliper (Fisher Scientific, Pittsburgh, PA) and averaged. Three 

to five replicates for each tissue thickness were investigated.

Near infrared fiber optic probe data collection

NIR spectra were obtained using a 3 mm diameter silica glass NIR fiber optic reflectance 

probe (Art Photonics, Berlin, Germany) coupled to a Matrix-F infrared spectrometer with a 

TE-InGaAs detector ((Bruker, MA). Background spectra were collected from a mirrored 

surface. Sample spectra were collected from different thickness cartilage samples in contact 

mode with and without a polystyrene plate underneath at 16 cm-1 spectral resolution, with 

256 co-added scans in the 4000-10000 cm-1 frequency range. A reference spectrum was 

collected from the polystyrene plate (thickness: 0.54 mm) to identify peaks of interest. A 

mirrored surface was placed underneath the polystyrene, and underneath the cartilage 

samples when data was collected from cartilage alone. This results in a data collection mode 

of transflectance for samples 1 mm or thinner. As the sample thickness increases, diffuse 

reflectance increasingly dominates the spectra.

Near infrared imaging data collection

NIR spectral imaging data were collected from 1 mm thick cartilage samples (n=3) to 

investigate the zonal distribution of water and matrix components. The sections were cut 

longitudinally to obtain all the zones of the cartilage in one image. To assess water 

distribution, cartilage sections were placed on glass slide, covered with a glass coverslip and 

sealed with tape. NIR images were collected in transmission mode on a Perkin Elmer 

spotlight 400 spectrometer (Perkin Elmer, Shelton, CT) at 32 cm-1 spectral resolution, 16 

co-added scans and at 50 μm spatial resolution in the 4000-7800 cm-1 frequency range. For 

matrix distribution the samples were air dried and imaged using the same parameters. 

Transmittance spectra were ratioed to a background obtained through the glass slide and 

converted to absorbance for data analysis. The image acquisition time was approximately 15 

minutes per sample.

Data analysis

NIR Spectra were processed using Unscrambler 10.1 (CAMO, Woodbridge, NJ). NIR 

spectra from cartilage with different thicknesses were analyzed to understand the effect of an 
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increase in thickness on the NIR spectrum. For the data analysis the NIR spectral range was 

divided into 3 regions: 4000-5100 cm-1, 5100-7000 cm-1 and 7000-9000 cm-1. Polystyrene 

peaks were identified and assessed to determine the depth of penetration in each region 

separately. Spectra from cartilage samples with and without polystyrene plate underneath 

were compared to determine the depth of penetration of NIR. Spectra were first visually 

compared to see if the polystyrene peaks were visible in the raw cartilage spectrum when the 

polystyrene plate was placed underneath during data collection. Further, second derivative 

spectra were analyzed (Savitzky Golay, 31 point smoothing) to improve the assessment of 

the presence of polystyrene in the cartilage spectra.

Spectral Image analysis

Images of integrated areas under the NIR water absorbances centered at 5200 and 6890 cm-1 

were generated using ISYs 5.0 software (Malvern Instruments, UK) to assess the 

distribution of water in cartilage. Similarly, integrated images for matrix distribution were 

generated from the 4384 cm-1 (combination of collagen and proteoglycan) absorbances24.

Results

Cartilage NIR spectra with varying thickness

Cartilage NIR fiber optic spectra were dominated by water absorbances at 5200 cm-1, 6890 

cm-1 and 8500 cm-1 and matrix peaks at ∼5600 cm-1. Cartilage spectra with different 

thickness were compared to see the effect of increasing thickness on the spectra (Figure 1). 

It was observed that as the thickness of the cartilage increased, the water absorbance band at 

6890 and 8500 cm-1 broadened. We observed that not only did the peaks change as the 

thickness of the cartilage changed, the mode of data acquisition also changed. When the 

thickness of the cartilage was less than 1 mm, the mode of data collection was 

transflectance, as the radiation could pass through the sample and reflect from the mirror 

back through the tissue. However, as the thickness of the cartilage increased the mode of 

data collection was dominated by diffuse reflectance.

Comparison of raw and second derivatives of the NIR spectra from cartilage of varying 
thickness with polystyrene underneath

The NIR spectrum of polystyrene (Figure 2) displays several distinct peaks (4048, 4245, 

4330, 4612, 4663, 5668, 5949, 6078, 8270, and 8741 cm-1) in the 4000-9000 cm-1 spectral 

region. The primary reason behind utilizing polystyrene in this study was the fact that it had 

sharp peaks in the three regions of interest in the NIR spectrum. To assess the depth of 

penetration of NIR in region 1, polystyrene absorbances at 4612 and 4663 cm-1 were 

assessed. Similarly, for regions 2 and 3, polystyrene absorbances at 5959 and 8741 cm-1 

were assessed, respectively. The NIR spectrum of polystyrene, cartilage of 0.5 mm thickness 

with polystyrene underneath and without polystyrene underneath are shown in Figure 3. The 

polystyrene peaks are clearly visible in all three regions of the NIR spectra of cartilage with 

the polystyrene plate underneath, which confirmed that the depth of penetration is at least 

0.5 mm.
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When raw spectra from a 1 mm thick cartilage specimen with and without polystyrene were 

compared (Figure 4), it was observed that the polystyrene peaks in region 1 was no longer 

visible, but the polystyrene peaks in region 2 and region 3 were clearly observed. Second 

derivatives of the cartilage spectra with and without polystyrene were assessed to obtain 

more accurate data on penetration. It was found that in the second derivative of 1 mm 

cartilage with polystyrene underneath, polystyrene peaks were in fact still evident.

Similarly, we compared 2 mm thick cartilage spectra with and without polystyrene 

underneath (Figure 5). It can be seen that the polystyrene peaks were not visible in region 1 

but were still seen in regions 2 and 3, even though their intensity was reduced compared to 

the 1 mm cartilage with polystyrene underneath. When second derivatives were evaluated, 

we could barely see polystyrene in region 1, indicating the NIR penetration was reaching its 

limit.

In 3 mm thick cartilage with polystyrene underneath, polystyrene peaks were seen only in 

region 3 of the raw spectrum (Figure 6). The evaluation of second derivative spectra showed 

that the polystyrene peak in region 1 was not seen at all, whereas in region 2 it was 

approaching its penetration limit. However, the polystyrene peak in region 3 was clearly 

observed.

The raw NIR spectra of 4 mm thick cartilage with and without polystyrene underneath 

looked very similar to each other (Figure 7). The polystyrene peaks were not seen in any 

region of the spectrum obtained from cartilage with polystyrene underneath. Evaluation of 

second derivative spectra showed that region 1 and region 2 had no polystyrene 

absorbances, but region 3 clearly showed a polystyrene peak. We also observed that the 

second derivative NIR spectra of cartilage with and without a polystyrene plate underneath 

were very similar in regions 1 and 2 as thickness increased, indicating no polystyrene 

penetration.

NIR image analysis results

FTIR images of cartilage showed the distribution of water and matrix content across all the 

zones of cartilage (Figure 8). The free water content (8B) was greatest just below the 

superficial zone, into the middle zone, and decreased towards the deep zone. The bound plus 

free water (8A) showed a similar distribution, except for quite near the surface. The 

reduction in water content towards the deep zone is consistent with literature reports2. The 

matrix content similarly was greater near the superficial zone, but decreased to a much 

greater extent into the middle and deeper zones.

Discussion

The current study showed that the depth of penetration of NIR radiation varies throughout 

the NIR spectral range in cartilage from 0.5 mm to 5 mm. In region 1 (4000-5000 cm-1), the 

NIR depth of penetration was at least ∼1 mm, but approached the penetration limit at 2 mm. 

In region 2 (5000-7000 cm-1), the NIR depth of penetration was ∼3 mm whereas in region 3 

(7000-9000 cm-1) it was found to be greater than 4 mm.
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Our results suggest that since the normal cartilage thickness of human cartilage is between 

1-3 mm, the NIR absorbances obtained from the tissue will arise from cartilage, as well as 

from the subchondral bone underneath it, if the correct spectral range is not investigated. In 

NIR spectra, it is difficult to differentiate between bone and cartilage absorbances as the 

NIR region investigated does not display a phosphate absorbance. NIR absorbances from 

bone and cartilage, primarily water and organic matrix components, are at similar 

wavenumbers, though bone has sharper spectral features30. Therefore, the spectral region 

from 4000-7000 cm-1, where the depth of penetration is ∼3 mm, could be an ideal region for 

cartilage assessment. However, the spectral contribution from the higher wavenumbers 

could be useful for certain investigations focused on obtaining information from the 

subchondral bone.

A recent study from our group investigated the depth of penetration of bovine nasal cartilage 

(BNC) in the 4000-7000 cm-1 spectral region30. Here BNC samples were cut into different 

thickness from 0.34 to 5.76 mm and a parafilm absorbance peak at 5774 cm-1 was used to 

assess the depth of penetration. It was found the depth of penetration of NIR radiation for 

BNC in the spectral range 5000-7000 cm-1 was ∼5 mm. In the current study where articular 

cartilage was used, the depth of penetration was ∼3 mm in the same spectral range. The 

main differences between BNC and articular cartilage is the zonal organization in articular 

cartilage, and alignment of collagen fibrils. Thus, the difference between NIR depths of 

penetration is likely attributable at least in part to these features. Another difference between 

that study and the current study is the fact that our polystyrene plate was 0.54 mm thick 

whereas the parafilm was only ∼ 0.1 mm thick. This difference in plastic thickness would 

result in a change in overall pathlength the NIR radiation travels through the samples and 

underlying plastic, resulting in what appears to be reduced penetration depth through the 

cartilage. However, since the thickness of 0.54 mm is closer to what would be observed for 

subchondral bone, the results from the current study more closely resemble the physiological 

condition. A previous study by Spahn et al. used a ratio of the NIR water absorbance band at 

7017 cm-1 to the 8510 cm-1 matrix absorbance, and considered this as an indicator of 

cartilage water content20. According to our results, the depth of penetration of NIR radiation 

at this spectral range is greater than 5 mm. Therefore the spectral absorbance collected in 

this region not only resulted from the cartilage but also from the subchondral bone 

underneath.

The NIR spectral range we used in this study was from 4000-10000 cm-1. The absorbances 

in this region arise from combination, first and second overtones of the fundamental 

vibrations in the mid-infrared regions. The absorbance intensity is inversely proportional to 

the order of overtone thus making the analysis difficult and complicated37, 38. A recent study 

from our group showed that the absorbances from cartilage matrix components, (collagen 

type II and chondroitin sulfate), in the 4000-5000 cm-1 spectral region, could be used to 

assess cartilage composition24. Similarly, we showed that the water absorbance at 5200 

cm-1, which arises from bound and free water, and the 6890 cm-1 free water absorbance, 

could be used to assess water content23. Together, these studies show that the NIR spectral 

region from 4000-7000 cm-1 could prove to be an important region to assess cartilage 

quality based on matrix composition, and thus provide support for focusing on this region 

for evaluation of tissue pathology.

Padalkar and Pleshko Page 6

Analyst. Author manuscript; available in PMC 2016 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, NIR has been used to develop a non-destructive method to determine the thickness 

of cartilage25. In that study, NIR spectra were collected from 1.2 mm to 2.4 mm thick 

cartilage samples from bovine samples. Partial least square (PLS) models with various NIR 

spectral ranges from 4000-12000 cm-1 were built to correlate NIR spectra with the cartilage 

thickness, with the results of the PLS varying from 53% to 93% for correct thickness 

prediction. The best results were from the 5350-8850 cm-1 region, and the lowest correlation 

from higher wavenumbers, i.e. 8000-12000 cm-1. According to our results, the depth of 

penetration of NIR radiation in this range is more than 4 mm. Therefore the absorbance in 

this range are a combination of cartilage and the subchondral bone, and possibly primarily 

from subchondral bone, which could result in a poor thickness prediction. However, it's also 

possible that the differences in subchondral bone contributions in the spectra could aid in the 

thickness assessment in the lower frequency region.

There were some limitations of our study, including the fact that the tissue sections were cut 

parallel to the cartilage surface, and thus differences in organization or composition in 

different zones could impact the results. In essence, this means that samples of different 

thicknesses could contain either, e.g., both superficial and middle zone cartilage, or only 

middle or deep zone cartilage, or middle plus deep zone cartilage. Our results from the 

imaging data analysis showed that the distribution of water and matrix components varies 

among the different zones. This is most relevant to our fiber optic studies if thinner cartilage 

tissues are evaluated in the lower frequency NIR spectral regions, and there could be a 

question as to whether having the dense, collagenous superficial zone intact would result in 

reduced penetration depth. To address this, a separate experiment was conducted in a similar 

manner as the rest of the study with 1 mm samples that contained superficial and middle 

zone cartilage to assess whether the zonal differences did in fact affect the depth of 

penetration. We found that the NIR spectra collected from these samples on top of 

polystyrene showed polystyrene peaks in all regions, in agreement with the results presented 

previously (data not shown). Another issue to address is the fact that we did not evaluated 

degraded tissue samples. Degraded cartilage is less dense and fibrillated due to the loss of 

proteoglycans and damage to the collagen fibers. In this case, it is possible that the depth of 

penetration would be even greater through the tissue, compared to normal cartilage. Thus, 

it's possible that we should consider further limiting the spectral range of analysis for such 

samples if we want to exclude the contribution of subchondral bone. Human adult normal 

and degraded cartilage should be evaluated in future studies to confirm the depth of 

penetration of NIR radiation in these physiologically relevant tissues.

Potential applications of NIR probe evaluation of cartilage include for animal model studies, 

where a non-destructive method could be used to understand the effects of therapeutics and 

rehabilitation protocols in longitudinal studies. Clinically, intra-articular injuries are the 

most common injuries in young athletes, such as meniscus and ligament tears39. Currently, 

arthroscopic evaluation is the gold standard method for investigation of symptoms related to 

early stages of cartilage degeneration. However, they can be somewhat subjective as they 

rely on the perception of the surgeon performing the procedure. The use of NIR probes has 

the potential to play an important role in monitoring early degeneration of cartilage for the 

high risk patients, such as those with prior anterior cruciate ligament or meniscus injury. 

Since the data obtained is less subjective than that from visual arthroscopy, it is possible that 
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more precise results on how to stage cartilage could be obtained. Further, since arthroscopy 

is currently the preferred method for evaluation of intra-articular tissues, addition of NIR 

fiber optic probe data, which could be obtained through an arthroscopic port, could prove to 

be an important tool to study the pathology of injury and repair. Improved understanding of 

the features of the NIR spectra is critical for implementation of this methodology for tissue 

evaluation.

Conclusion

The results from this study demonstrated that the depth of penetration of NIR radiation into 

articular cartilage varies throughout the spectral range, 4000-10000 cm-1, from 0.5 mm to at 

least 5 mm. The optimal NIR frequency range to ensure the absorbances being evaluated are 

only from cartilage and not from the subchondral bone is no higher than 7000 cm-1.
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Figure 1. 
NIR cartilage spectra from 1 mm (long dash dot), 2 mm (black dash), 3 mm (dots) and 4 mm 

(solid black) thick samples. A diffuse reflectance spectrum (solid grey) obtained from a 1 

mm thick cartilage sample on a dark surface is added for comparison of transflectance (long 

dash dot) to diffuse reflectance in the thin sample
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Figure 2. 
NIR spectrum of polystyrene. The NIR spectra were divided into 3 regions; region 1 

(4000-5000 cm-1), region 2 (5000-7000 cm-1) and region 3 (7000-9000 cm-1)
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Figure 3. 
Comparison of raw NIR spectra from 0.5 mm thick cartilage sample with polystyrene (solid 

black) and without polystyrene underneath (dotted black) along with polystyrene spectrum 

(solid grey). The influence of the polystyrene peak is highlighted with red circles in the three 

regions
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Figure 4. 
A) Comparison of raw NIR spectra from 1 mm thick cartilage with polystyrene (solid black) 

and without polystyrene (dotted black) along with polystyrene spectra (solid grey). Influence 

of polystyrene on NIR spectra of 1 mm cartilage in region 2 and region 3 is highlighted by 

arrows. B) Second derivatives of NIR spectra from 1 mm thick cartilage with polystyrene 

underneath (solid black) and without polystyrene (dotted black) along with polystyrene 

spectra (solid grey) are compared in region 1. The polystyrene spectrum was divided by a 

factor of 10 to bring all spectra on the same scale.
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Figure 5. 
A) Comparison of raw NIR spectra from 2 mm thick cartilage with polystyrene (solid black) 

and without polystyrene (dotted black) along with polystyrene spectra (solid grey). Influence 

of polystyrene on NIR spectra of 2 mm cartilage in region 2 and region 3 is highlighted by 

arrows. B) Second derivatives of NIR spectra from 2 mm thick cartilage with polystyrene 

(solid black) and without polystyrene (dotted black) along with polystyrene spectra (solid 

grey) compared in region 1. The polystyrene spectrum was divided by a factor of 10 to bring 

all spectra on the same scale.
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Figure 6. 
A) Comparison of raw NIR spectra from 3 mm thick cartilage with polystyrene (solid black) 

and without polystyrene (dotted black) along with polystyrene spectra (solid grey). Second 

derivatives of NIR spectra from 3 mm thick cartilage with polystyrene (solid black) and 

without polystyrene (dotted black) along with polystyrene spectra (solid grey) compared in 

region 1 (B), region 2(C) and region 3(D). The polystyrene spectrum was divided by a factor 

of 10 to bring all spectra on the same scale.
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Figure 7. 
A) Comparison of raw NIR spectra from 4 mm thick cartilage with polystyrene (solid black) 

and without polystyrene (dotted black) along with polystyrene spectra (solid grey). Second 

derivatives of NIR spectra from 4 mm thick cartilage with polystyrene (solid black) and 

without polystyrene (dotted black) along with polystyrene spectra (solid grey) compared in 

region1 (B), region 2(C) and region 3(D). The polystyrene spectrum was divided by a factor 

of 10 to bring all spectra on the same scale.
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Figure 8. 
Distribution of water (A and B) and matrix components (C) through the cartilage depth. A) 

Integrated area map of the 5200 cm-1 (bound and free water) NIR absorbance B) Integrated 

area map of the 6800 cm-1 (free water) NIR absorbance and C) Integrated area map of the 

4384 cm-1(combination of collagen and proteoglycan) NIR absorbance. bar shows the 

integrated area scale for each absorbance.
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