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Phase-contrast enhanced synchrotron micro-tomography of human
meniscus tissue
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s u m m a r y

Objective: To investigate the feasibility of synchrotron radiation-based phase contrast enhanced micro-
computed tomography (SR-PhC-mCT) for imaging of human meniscus. Quantitative parameters related to
fiber orientation and crimping were evaluated as potential markers of tissue degeneration.
Design: Human meniscus specimens from 10 deceased donors were prepared using different preparation
schemes: fresh frozen and thawed before imaging or fixed and paraffin-embedded. The samples were
imaged using SR-PhC-mCT with an isotropic voxel size of 1.625 mm. Image quality was evaluated by visual
inspection and spatial resolution. Fiber voxels were defined using a grey level threshold and a structure
tensor analysis was applied to estimate collagen fiber orientation. The area at half maximum (FAHM) was
calculated from angle histograms to quantify orientation distribution. Crimping period was calculated
from the power spectrum of image profiles of crimped fibers. Parameters were compared to degenerative
stage as evaluated by Pauli histopathological scoring.
Results: Image quality was similar between frozen and embedded samples and spatial resolutions ranged
from 5.1 to 5.8 mm. Fiber structure, including crimping, was clearly visible in the images. Fibers appeared
to be less organized closer to the tip of the meniscus. Fiber density might decrease slightly with
degeneration. FAHM and crimping period did not show any clear association with histopathological
scoring.
Conclusion: SR-PhC-mCT is a feasible technique for high-resolution 3D imaging of fresh frozen meniscus
tissue. Further work is needed to establish quantitative parameters that relate to tissue degeneration, but
this imaging technique is promising for future studies of meniscus structure and biomechanical
response.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

The menisci are of great importance for the function of the knee
joint as they distribute load and reduce the pressure on the artic-
ular cartilage. Although not yet fully understood, meniscus
degeneration is associated with the development of knee osteoar-
thritis (OA)1. Meniscus tissue consists mainly of collagen type I
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fibers forming bundles oriented in a circumferential pattern2. The
fibers are crimped in a similar way as fibers in for example tendons
and ligaments3. Crimping morphology has not been extensively
studied in the meniscus4,5 but is likely associated with mechanical
properties, such as the ability to withstand tensile stress6. With
degeneration, the collagen network is disrupted, and fibers are less
organized7,8. To assess how themeniscus and its function is affected
during OA development, methods to detect and follow these
structural changes are required.

For non-invasive imaging of the meniscus in vivo, magnetic
resonance imaging (MRI) is the preferred method. A disadvantage,
however, is the limited spatial resolution of MRI, commonly in the
order of tenths of a mm per voxel, in plane, and often even larger
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slice thickness. Even though there exist quantitative MR-based
techniques with the potential of probing the microscopic envi-
ronment of themeniscus, the visualization of the tissue is limited to
macroscopic structures9. For ex vivo imaging on the other hand,
histology is considered the gold standard method for evaluation of
tissue quality at a microscopic level but is limited to (2D) imaging of
thin slices and relies on tissue preparation and staining. Microscopy
techniques such as polarized light microscopy (PLM) or scanning
electron microscopy (SEM) offers high resolution but are also
destructive, limited to 2D and requires fixation of the tissue
samples.

Micro computed tomography (mCT) enables 3D imaging with
high resolution. Laboratory mCT is advantageous because of its
availability but scan times are long and for lowabsorptionmaterials
and tissues, contrast agents are usually required. Using a synchro-
tron light source for mCT enables fast 3D imaging with (sub)
micrometrical spatial resolution, due to the high flux and coher-
ence of the beam10,11. It also offers the possibility to use phase
contrast enhancement (PhC) which improves the soft tissue
contrast without the use of contrast agents9,12.

Synchrotron radiation-based phase contrast enhanced micro
computed tomography (SR-PhC-mCT) has the potential of resolving
individual fibers and fiber bundles and to directly visualize collagen
organization in a 3D volume. This method also offers the possibility
to image tissue samples without fixation or other preparation of the
tissue13 and may therefore be suitable for studies of meniscus
biomechanics. SR-PhC-mCT has been performed with promising
results in soft musculoskeletal tissues, e.g., intravertebral discs,
articular cartilage, and tendon10,11,13. Horng et al. also performed CT
with SR-PhC of entire human knee joints9. However, to the best of
our knowledge, SR-PhC-mCT has not been evaluated for the study of
microscopic collagen structure in meniscus tissue. For the potential
use of this method in studies of meniscus biomechanics, it is also of
interest to evaluate image quality with and without tissue fixation
and embedding.

Since disorganization of the collagen structure is a characteristic
of meniscus degeneration, quantification of fiber orientation is of
great interest. Orientation analysis using structure tensors is a
method that was originally developed for investigation of fiber
structures in material science14,15. It has been adopted for use in
medical science in images of highly structured tissues such as
tendon and meniscus16,17. Measurements of crimping period, fre-
quency and angle has been reported to describe the response to
mechanical load of meniscus tissue18e20. Combining these types of
image analysis with high resolution synchrotron imaging may
prove valuable for evaluation of degenerative processes in the
meniscus at a microscopic level.

Our aim with this study was to investigate the feasibility of SR-
PhC-mCT in meniscus tissue to visualize the collagen structure and
to evaluate the effect of sample preparation on the image quality.
Further, we aimed to explore if crimping pattern characterization
and orientation analysis of such images could be used to describe
degeneration of meniscus tissue.
Methods

In brief, human meniscus samples were imaged using SR-PhC-
mCT. The images were evaluated visually as well as quantitatively
and comparisons were performed between sample preparations,
between the different zones of the menisci and to histopatho-
logical scoring. The study was approved by the ethics committee
at Lund University (Dnr 2015e39, 2016-865, and 2019-00323).
Each step of the methods used are described in detail in the
following sections.
Tissue samples

We used human menisci from a local biobank at Skåne Uni-
versity Hospital where the specimens were fresh frozen and stored
at �80�C. Ten medial and six lateral menisci sampled from 10
deceased donors (i.e., both medial and lateral menisci from six
donors and onlymedial menisci from four donors),18e77 years old,
five men and five women. Donors were without known knee OA,
but the menisci showed varying degree of degeneration as previ-
ously evaluated by histopathological scoring21. Both vertical and
horizontal histology slices from the body/posterior horn were
stained using hematoxylin and eosin and safranin-o fast green and
histopathological scoring was performed according to the Pauli
histopathological scoring system7,21. Total Pauli score for the
menisci ranged from 5 to 17 out of 0e18.

Themenisci were thawed and a 4mm thick vertical slicewas cut
from the body of each meniscus, adjacent to the location of the
histological slices [Fig. 1(a)]. The sample slices were glued to the
inside of the lid of 0.5 ml Eppendorf tubes and stored in phosphate
buffered saline (PBS) at �20�C until imaging. From three of the
menisci (of varying age and including both sexes) an additional
slice was cut which was fixated in formalin (buffered 4% formalin
solution, pH 7) for 48 h and embedded in paraffin.

Phase contrast enhanced tomographic imaging

The thawed meniscus samples were imaged using SR-PhC-mCT
at the TOMCAT beamline at the Swiss Light Source (Paul Scherrer
Institute, Switzerland)22. The setup was optimized as previously
described for tendon tissue by Pierantoni et al.13. The images were
acquired using the High Numerical Aperture Microscope setup (4�
magnification, field of view of 4.2 mm � 3.5 mm and pixel size of
1.625 mm) coupled to a LuAG:Ce scintillator screen of 150 mm. Two
sequential tomographic volumes were imaged for each sample,
starting at the tip of the meniscus, and then moving the sample
3 mm down to image the next part of the sample [Fig. 1(b)e(d)].
2001 projections were captured with a pco. edge 5.5 camera over
180� with 33 ms exposure time, beam energy of 15 keV, and
propagation distance of 150 mm. All projections were corrected
with dark and flat-field images. A Paganin phase retrieval was used
to calculate the sample projected density23 and reconstructions
were performed as described in Marone et al.24 with a ratio d:b of
50:1 (where b is the absorption coefficient¼ 9.3� 10�9 and d is the
refractive index decrement).

Image analysis

All image analysis were performed inMATLAB (version R2020a),
while we used ImageJ (Fiji) for visual inspection.

The image volumes were acquired approximately as sagittal
cross sections of the meniscus. Images were then rotated using the
sample border as a guide so that circumferential fibers in the
meniscus are seen as horizontally and in-plane oriented in the
image stack. For illustration, the two image volumes from one
sample were merged by removing the overlap from one of the
volumes and concatenating the matrices [Fig. 1(e)]. Two volumes of
interest (VOI) in each meniscus, each covering 0.5 � 0.5 � 0.5 mm3

were manually chosen approximately at the center of the inner
zone (i.e., near the tip of the meniscus) and the center of the middle
zone (i.e., the central part of the meniscus) respectively [Fig. 1(e)
and (f)].

Spatial resolution
As a measure of image quality, spatial resolution was calculated

and compared between the two sample preparations. Spatial



Fig. 1 Osteoarthritis and Cartilage

(a) Schematic representation of the dissection and preparation of two slices of a human meniscus. The first slice (all menisci) was frozen in PBS
and the second (three menisci) was fixed in formalin and embedded in paraffin. (b) The SR-PhC-mCT imaging set-up at the TOMCAT beamline,
Swiss Light Source. (c) Magnification of the sample positioned for imaging. (d) Schematic picture of the imaging procedure. The first acquisition
covered the tip of the meniscus sample and after moving the sample 3 mm down a second image volume was acquired with a small overlap. (e) A
reconstructed image from the two consecutive volumes stitched together and viewed in a coronal plane as illustrated by the schematic figure.
Two small VOIs were placed, one at the tip (blue) and one in the central part of the meniscus (red). (f) Approximately sagittal oriented slice from the
VOI positioned in the central part of the sample.
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resolution was calculated in three orthogonal directions and aver-
aged within a 0.5 � 0.5 � 0.5 mm3 VOI in the central part of the
meniscus sample. The power spectrum was calculated by applying
a fast Fourier transform to the data and spatial resolution was
defined as the frequency where the intensity was two times the
noise level, as suggested by Modregger et al.25. The noise level was
defined as the value that the power spectrum converged to which
was found by averaging the spectrum over the last third of the
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frequencies13,25,26. Spatial resolution can be defined as the mini-
mum distance at which two features can be resolved in the image27.
Thus, it is for us a mean to determine the smallest structural
characteristics that we can visualize and analyze. Furthermore,
spatial resolution accounts for the characteristics of both the im-
aging system and of the samples (e.g., source and system stability,
imaging artefacts) which cannot be fully determined a priori.

Thresholding
For the purpose of the orientation analysis described in the next

section, a mask was created to only include fiber voxels. Pixel in-
tensity of the images was normalized to grey values of 0e1. As fi-
bers and surrounding tissue have different image intensity, fiber
voxels can be separated from the background using thresholding of
the normalized grey values. This was also used to determine the
fiber density defined as: volume occupied by fibers/total volume,
i.e., the percentage of the voxels within the VOI that was catego-
rized as fibers. The threshold was set using Otsu's method which
defines the threshold by minimizing the intensity variance be-
tween the different classes of pixels (in this case fibers and
background)28.

Orientation maps
Fiber orientation maps were generated using methods previ-

ously described by Mulat et al. and Krause et al.14,29. In short, the
masked images were smoothed using a cubic kernel with a
Gaussian distribution with a standard deviation of 2. A suitable
level of smoothing was determined to reduce noisewhile still being
able to capture fiber orientation (Fig. S1). Image gradients were
found using a Sobel filter. Based on the gradients, a structure tensor
was calculated voxel wise in the VOI. Gaussian smoothing was
applied again, this time with a standard deviation of 0.5, on the
resulting structure tensor. Eigenvectors and corresponding eigen-
values were calculated from the smoothed structure tensor, where
the 3rd eigenvector, corresponding to the smallest eigenvalue, de-
scribes the fiber orientation. The orientation is presented in
spherical coordinates using the azimuth and elevation angles.

For fiber voxels, the distribution of azimuth and elevation angles
were evaluated together using combined histograms with
100 � 100 bins (Supplementary Fig. S2). The full area at half
maximum (FAHM) of the combined histograms, in percentage of
the total number of bins, were calculated as ameasure of the spread
in orientation, combining both the azimuth and elevation angles.

Crimp period
Crimping patterns could be identified in several locations in the

middle zone of most of the menisci. In five locations per sample,
avoiding artifacts, image profiles were manually drawn along
crimped fibers, perpendicular to the crimps. Each profile was de-
trended using a polynomial function to remove contributions of
larger fluctuations in intensity over the image (Supplementary
Fig. S3). A fast Fourier transform was used to find the frequency (f )
of the crimping pattern which was converted to crimp period (d)
through d ¼ 1

f
18 and a mean value was calculated for each sample.

Statistical analysis

For the fiber density, FAHM and crimping period, we report
mean values and standard deviations among themeniscus samples.
Comparisons of parameters to Pauli score were performed using
mixed effects linear models to compensate for the potential bias of
medial and lateral menisci from the same individuals. The slope
coefficient with 95 % confidence interval (CI) is presented as a
measure of the association.
Results

Effect of sample preparation on image quality

Qualitative evaluation
For two of three paraffin embedded samples, image quality

appeared fairly similar in visual comparison to the fresh frozen
samples (Fig. 2). The collagen structure was clearly visible and
crimping pattern could be seen in both type of samples. Images of
the third paraffin embedded sample suggested some problemsmay
have occurred during the sample preparation, and it was therefore
excluded from further analysis (Supplementary Fig. S4).

Spatial resolution
Mean spatial resolution was similar in samples regardless of

preparation procedure. For comparison, mean spatial resolution
was 5.7 ± 0.7 and 5.4 ± 0.3 mm, respectively, in the two paraffin
embedded samples. Corresponding values for the samples in PBS
from the same two menisci were 5.8 ± 1.0 and 5.1 ± 0.1 mm.

Thresholding
Otsu's method resulted in similar number of voxels categorized

as fibers in images from thawed samples in PBS and paraffin
embedded samples with a mean difference of 7.3 percentage
points. When plotting proportion of voxels categorized as fibers
against the threshold, t, it could be seen that contrast between fi-
bers and background was higher for the paraffin embedded sam-
ples (Fig. 3).

Evaluation of tissue structure

Qualitative evaluation
The fibers were oriented, as expected, mainly in a circumfer-

ential order [Fig. 4(a)]. In general, fibers seemed to be more strictly
organized in the middle zone compared to the inner zone
[Fig. 4(e)]. Comparisons between degenerated and visibly intact
tissue revealed clear structural differences with more loosely
structured fibers, less crimping and larger cavities in between fibers
(Fig. 5). These differences were more pronounced closer to the
surface of the meniscus. Fig. 6 displays example orientations maps
from a degenerated sample. Example videos of both normal and
degenerated tissue can be found in the supplementary material.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.joca.2022.06.003

Fiber density
The inner zone of one of the most degenerate samples (total

Pauli score 14) was very frayed and the images suffered from arti-
facts. Because of the difficulty to place a VOI, this region was
excluded from the quantitative evaluation.

The fiber density did not vary much between the different fresh
frozenmeniscus samples or between the inner and themiddle zone
in the respective sample [Fig. 7(a)]. In the middle zone, the fiber
density was 63.7 ± 7.4 % while the corresponding value was
66.9 ± 5.8 % in the inner zone. Fiber density decreased slightly with
increasing total Pauli score [Fig. 7(a)]. Linear regression showed a
decrease (95 % CI) of�1.4 (�2.4,�0.34) percentage points per score
in the inner zone. The decrease was not statistically significant in
the middle zone with �0.38 (�1.9, 1.1) percentage points per score.

Fiber orientation
Orientation maps calculated from the structure tensor allow to

clearly visualize the fiber directions (Fig. 4). In the orientation
analysis, one VOI (same as for the fiber density), was excluded from
the analysis. FAHM from the orientationmapswas 7.8± 5.1 % (mean

https://doi.org/10.1016/j.joca.2022.06.003


Fig. 2 Osteoarthritis and Cartilage

Example images showing sagittal cross-sections (as shown in the schematics) of two samples from the same meniscus that undergone different
types of preparation, (a) imaged fixed and embedded in paraffin, and (b) frozen and thawed in PBS.

Fig. 3 Osteoarthritis and Cartilage

Proportion of image voxels categorized as fibers, plotted against grayscale threshold value t for a fresh frozen sample in PBS (purple line) and a
fixed paraffin embedded sample (blue line) from the same meniscus. t calculated using Otsu's method is marked with a red cross for each
sample. The slope is steeper for the paraffin-embedded sample which indicates a larger contrast between fiber and background voxels in
comparison to the sample in PBS. However, Otsu's method still results in similar number of voxels categorized as fibers and background.

E. Einarsson et al. / Osteoarthritis and Cartilage 30 (2022) 1222e12331226

mailto:Image of Fig. 2|tif
mailto:Image of Fig. 3|tif


Fig. 4 Osteoarthritis and Cartilage

(a) Example of a grayscale sagittal image where circumferential fiber bundles (arrow) are seen oriented horizontally within this image plane. In (b)
the corresponding azimuth angle (4) orientation map, this is seen as mostly turquoise (i.e., azimuthal angles close to 0). (c) A coronal slice of the
same image volume, fibers are directed mainly through the image plane with elevation angles also close to 0 which is seen in (d) the elevation
angle (q) orientation map. (e-h) display corresponding images and orientation maps from the inner zone of the same meniscus where the fibers
can be seen to deviate more from the horizontal direction.
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Fig. 5 Osteoarthritis and Cartilage

Example images of the inner zone, close to the surface, of (a) a normal meniscus (Pauli score 6) and (b) a degenerated meniscus (Pauli score 16).

Fig. 6 Osteoarthritis and Cartilage

Example images in (a) a sagittal and (c) coronal plane with corresponding orientation maps of (b) azimuth (4) and (d) elevation (q) angle from the
inner zone of a degenerated meniscus (Pauli score 16).
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Fig. 7 Osteoarthritis and Cartilage

(a) Fiber density, presented as a function of total Pauli score, in the inner and middle zone of each of the fresh frozen samples, respectively
(n ¼ 16). The inner zone of one sample was excluded due to severe degeneration. (b) FAHM in percentage of bins from the 2D histogram over
azimuth and elevation angles, presented as a function of total Pauli score for the VOI in the inner and middle zone, respectively, for each of the
fresh frozen samples except the inner zone of one sample (same as in a) and the middle zone of another sample (outlier).
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and standard deviation) in the inner zone and 8.7 ± 3.3 % in the
middle zone, excluding one value that was an outlier (FAHM of 56
%). Comparison with Pauli score did not appear to show any clear
association [Fig. 7(b)]. This was also confirmed in the statistical
analysis where the difference in FAHM per Pauli score (95 % CI)
was�13.9 (�93.6, 65.8) % in the inner zone and�35.8 (�90.5, 18.8)
% in the middle zone.

Fiber crimping period
The fiber crimping patterns were clearly seen in most of the

samples (see for example the wavy appearance of the fibers in
Fig. 2) and were observed mainly in the middle zone and sparser
and sparser closer to the inner tip. Crimping period was measured
in the middle zone of all samples except one (total Pauli score of 17)
where no crimped fibers were observed. Themean crimping period
was 23.8 ± 3.1 mm. No clear association was seen with Pauli score
(Fig. 8). Difference in crimping period per score (95 % CI) was 0.23
(�0.25, 0.70) mm.

Discussion

In this study we have presented images of human meniscus
tissue obtained with the promising SR-PhC-mCT technique. Most
importantly, high-resolution images were obtained in 3D where
collagen microstructure, including crimping morphology, was
clearly visualized without the use of tissue fixation or embedding.

Image quality was similar for the thawed fresh frozen samples in
PBS and samples that were fixed and embedded in paraffin. Images
of the paraffin embedded samples showed a slightly improved
contrast and a very distinct crimping pattern, which could be an
effect of the fixation process, as it can result in shrinkage of the
fibers30,31. Fresh frozen, non-fixed samples on the other hand have
gone through fewer critical tissue-processing steps and are closer
to the native tissue.

The number of voxels defined as fibers were similar between the
inner and the middle zone, but fewer crimped fibers were seen in
the inner zone. This is in agreement with earlier studies showing
collagen of the inner zone to be more similar to that of articular
cartilage compared to the rest of the meniscus32,33. In general, it
appeared that FAHMmight be higher in the inner zone compared to
the middle zone. We hypothesized that the calculated FAHM of the
azimuth and elevation angles from the structure tensor would
reflect tissue degeneration as described by Pauli score. With the
current limited set of samples, we could however not observe such
an association. Both vertical and horizontal slices are needed for the
histopathological evaluation with the Pauli scoring system. The
organization of collagen fibers was evaluated in the horizontal
slices that were cut from a location in the posterior horn, further
away from the samples imaged using SR-PhC-mCT compared to the
vertical histology slices. Local variation in degenerative state within
the meniscus could thus contribute to the weak association of total
Pauli score and FAHM from the orientation analysis. We chose to
use FAHM as a measure of angular spread to eliminate difference in
sample orientation that is of importance to absolute fiber angles. To
evaluate the absolute angles, reference axes would need to be
established that relates the fiber angle to the macroscopic orien-
tation of the sample.

We expected degeneration to have an effect mainly on the dis-
tribution of orientations of collagen fibers and maybe not as much
on the collagen fiber density since mainly disruption and disorga-
nization of the collagen network has been reported as a sign of
meniscus degeneration7,8. The larger cavities that we observed in
the most degenerated samples suggest however that there is also a
loss of collagen architecture. This was observed most clearly near

mailto:Image of Fig. 7|tif


Fig. 8 Osteoarthritis and Cartilage

Crimping period averaged over five locations for each of the fresh frozen meniscus samples, presented as a function of total Pauli score. Error
bars represent standard deviation among the five values.
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the surface of the meniscus sample, which could be the reason it
was not reflected in the quantified fiber density that was calculated
at the center of the sample. Also, parameters of the image analysis,
e.g., suitable levels of filtering, was set based on generally intact
samples. It was observed that voxels within the cavities in severely
degenerated areas were sometimes misinterpreted as fibers. The
image analysis may therefore not be accurate in such visibly
degenerated areas of the tissue samples and is thus not included in
this work.

Although the meniscus is a highly structured tissue, there is still
a larger native spread in fiber orientation compared to the Achilles
tendon, where this orientation analysis has been successfully
applied before16. This probably makes sample orientation more
critical and interpretation of the results more difficult in meniscus
samples compared to tendons.

Values of crimping period in the present study are of about the
same magnitude as reported earlier18,19. Michalek et al., reported
values of crimp period in the lamellar layer of deer menisci of
around 20e30 mm in healthy controls and around 10 mm in enzy-
matically degraded samples18. Values of crimping length, equaling
half the period, of 3.7e9.4 mm was reported in human meniscal
attachments by Villegas et al.19. The variation could relate to dif-
ferences in the location tested or between species as well as the
difference in techniques. In these earlier studies, crimping was
measured in images obtained by PLM and SEM (thus in 2D and after
substantial sample preparation), whereas our study shows that this
can be done also in 3D image data sets from SR-PhC-mCT imaging of
fresh frozen tissue.

Crimping morphology has been studied in relation to mechan-
ical loading for example by snap-freezing of tissue samples during
loading34,35. Attempts has been done to integrate PLM with a me-
chanical testing devise for imaging of tendon36. Similar studies of
the tissue structure response tomechanical loading could also be of
interest in menisci. For such future studies it would be preferable to
be able to image samples without fixation and embedding since
imaging and loading then could be performed using the same set-
up. Preparation of tissue using fixation fluid and contrast agents
might also affect the structure of the tissue10. Our results show that
the image quality in fresh frozen samples is sufficient to distinguish
structural features such as individual fibers and fiber crimping.
Thus, experiments of meniscus biomechanics may be possible in
tissue that is closer to its natural state using SR-PhC-mCT.

In this study, we used frozen samples that were thawed before
imaging. Freezing has a potential effect on the tissue with
destruction of cells and possible alteration of the collagen network
as the result37,38. The freezing was however necessary due to the
longitudinal storage of samples in our biobank, and to the long
distance to the synchrotron light source used. Access to the light
source is limited and needs to be planned in advance which makes
studies using fresh (never frozen) samples extremely challenging.
Cryopreservation has been reported to have less impact on the
tissue andmight be an alternative preservationmethod for samples
in future studies39.

The calculation of crimping period, as implemented here, was
dependent on manually drawn image profiles. How clear the
crimps were seen varied between locations and samples and the
subjective choice of profile position within the sample may have
influenced the power spectrum. Also, the selection of the peak
corresponding to the crimping was not always obvious since some
spectra had more than one peak (Supplementary Fig. S3). Ring
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artifacts that were seen in several of the samples may have
contributed to the appearance of the power spectra. In future
studies, it would be desired to further develop the analysis to be
more automatized and to utilize the full 3D nature of the dataset.

Although crimping is a tissue property of great interest, it
should be considered that the crimping pattern may affect the
orientation analysis since it can be interpreted as a variation in
fiber orientation. In our analysis this effect may have influenced
the evaluation of fiber orientations when calculating the FAHM.
We evaluated the effect of different filtering approaches, but none
could fully smooth out the crimping pattern without inducing
other artefacts.

Evaluation of the suggested image analysis parameters were
limited by the small sample size and the lack of tissue samples with
confirmed disease. Future studies would benefit from an increased
samples size, preferably also including samples from persons with
confirmed knee OA. Further work is also needed to establish pa-
rameters that can be used as reliable quantitative or semi-quanti-
tative measures of image structure to describe tissue quality and/or
function.

In conclusion, it is feasible to acquire SR-PhC-mCT images of
human meniscus tissue samples with sufficient spatial resolution
to visualize the collagen fiber structure and crimping morphology
without the use of tissue fixation or embedding. Further studies are
needed to establish and validate quantitative image-based mea-
sures of tissue degeneration. SR-PhC-mCT could then become a
useful tool in future studies of meniscus biomechanics and tissue
degeneration.
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