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A B S T R A C T

Segmental degeneration in the human lumbar spine affects both the intervertebral discs and facet joints. Facet
joint degeneration not only affects the cartilage surface, but also alters the cellular properties of the cartilage
tissue and the structure of the subchondral bone. The primary focus of this study is the investigation of these
microstructural changes that are caused by facet joint degeneration. Microstructural analyses of degenerated
facet joint samples, obtained from patients following operative lumbar interbody fusion, have not previously
been extensively investigated. This study analyzes human facet joint samples from the inferior articular process
using scanning electron microscopy, micro-computed tomography, and energy dispersive X-ray spectroscopy to
evaluate parameters of interest in facet joint degeneration such as elemental composition, cartilage layer
thickness and cell density, calcification zone thickness, subchondral bone portion, and trabecular bone porosity.
These microstructural analyses demonstrate fragmentation, cracking, and destruction of the cartilage layer, a
thickened calcification zone, localized calcification areas, and cell cluster formation as pathological manifesta-
tions of facet joint degeneration. The detailed description of these microstructural changes is critical for a
comprehensive understanding of the pathology of facet joint degeneration, as well as the subsequent
development and efficacy analysis of regenerative treatment strategies.

1. Introduction

Lower back pain is a major contributing factor to a diminished
quality of life, reduced mobility, and financial strain on healthcare
systems worldwide (Hoy et al., 2014). One substantial source of lower
back pain is attributable to degeneration of the lumbar facet joints
(Kalichman and Hunter, 2007; Gellhorn et al., 2013). Posterior lumbar
interbody fusion (PLIF) is currently one of the most common methods
for alleviating chronic pain from facet joint degradation and involves
excision of the affected joints and fixation of the vertebrae with screws
and segmental fusion (Lin et al., 1983; Prolo et al., 1986). However, this
procedure has the risk of intraoperative and postoperative complica-
tions in up to 16% of cases (Okuyama et al., 1999; Miyakoshi et al.,

2000; DiPaola and Molinari, 2008). Additionally, the surgery both
permanently limits patient flexibility and requires significant recovery
times (Gill and Blumenthal, 1993). It is therefore pertinent in the scope
of medical ethics to verify the necessity of PLIF in cases of lower back
pain and facet joint degeneration on an individual basis. Several clinical
grading systems have previously been suggested and rely on magnetic
resonance imaging (MRI) or computed tomography (CT) analysis to
justify treatment decisions (Pathria et al., 1987; Butler et al., 1990;
Coste et al., 1994; Weishaupt et al., 1999; Kettler and Wilke, 2006).
Unfortunately, these facet joint grading systems often have no relia-
bility analysis or fail to meet the current recommendations for
reliability (Little et al., 2015). However, studies assessing the validity
of clinical imaging based grading systems by comparative investiga-
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tions with microstructural data have been completed for other joints,
though rarely for lumbar facet joints (Berteau et al., 2015; Gersing
et al., 2016; Hawellek et al., 2016; Reina et al., 2016; Han et al., 2017).

Micro-computed tomography (μCT) (Cao et al., 2016) and scanning
electron microscopy (SEM) are ex vivo characterization techniques that
are useful in observing facet joint morphology and degeneration at a
microscopic scale (Friedmann et al., 2017). The purpose of this study is
to demonstrate the effective use of ex vivo microscopy methods for
comparison with clinical radiographic data (MRI and CT) to provide the
framework for future improved validation of lumbar facet joint grading
systems that evaluate accuracy of diagnosis rather than inter- and
intraoperative agreement alone. Morphological changes in the facet
joint due to degeneration are analyzed using μCT and SEM to provide
greater knowledge of the pathology of degradation and its impacts at
the micro-scale.

2. Materials and methods

2.1. Patients and samples

All tissue samples were collected as part of a clinical study, which
was approved by the Federal Ethics Committee of the medical faculty at
Martin Luther University Halle (#2011-47).

Lumbar facet joints from 38 patients (25 female, 13 male) were
microstructurally examined using SEM and μCT following procedural
excision during lumbar interbody fusion. Patient age ranged from 43 to
81 years old, with 79% of patients being 60 or older at the time of
surgery. In addition to patient sex and age, BMI values were also
documented. The analyzed portion of the facet joints is highlighted in
Fig. 1. Samples were comprised of partial fragments from the edge of
the facet joint surface (Fig. 1B). Given that all patients underwent
lumbar interbody fusion, degenerative changes in the joint samples
were to be expected. Osteoarthritis, as characterized by subchondral
sclerosis, was established on the basis of joint space reduction,
osteophytes, and subchondral cysts. Degenerative microstructural char-
acteristics of the chondral layer as well as the subchondral and spongy
bone structure were also analyzed.

2.2. Sample preparation

Facet joint samples were prepared for electron microscopy and μCT.
While the surgery was ongoing, samples were rinsed with phosphate-
buffered saline (PBS) by an assistant directly after excision and then
fixed with 2.5% glutaraldehyde in PBS. The samples were then
photographed for documentation and subsequent location of the
cartilage surface. Following fixation, joint samples were rinsed again

in PBS and then stained with 1% osmium tetroxide dissolved in PBS. In
addition to staining, osmium tetroxide has the secondary effect of fixing
unsaturated lipid bonds (Hayat, 2000). Immersion in the osmium
tetroxide solution lasted between 24 and 72 h, depending on the size
of each individual sample. Residual osmium was then removed via
stepwise dehydration in acetone (volume percent of anhydrous acetone:
10%, 30%, 50%, 70%, 90%, 100%; 6 h minimum per step). Samples
were then embedded in “Spurr” resin (Spurr, 1969) according to the
manufacturer protocol; samples were infiltrated in volume ratio 1:2,
1:1, 2:1, and 1:0 (resin:acetone) for 24 h and then cured for 12 h at
40 °C followed by 48 h at 70 °C. The embedded samples were ground
and polished in the transverse or longitudinal section to expose the
bone–cartilage cross section. The cross-sectional surface was sputter
coated with a 2–3 nm layer of platinum to provide conductivity for SEM
investigations and all other surfaces covered with vapor-coated gra-
phite.

2.3. Clinical grading systems

2.3.1. Pathria scale for facet joint assessment (CT based)
The classification method presented by Pathria et al. (1987)

describes the condition of the facet joints based on axial CT scans via
four grades: (0) normal: healthy facet joint space; (I) mild degeneration:
narrowed facet joint space, small osteophytes, mild hypertrophy of
articular process; (II) moderate degeneration: narrowed facet joint
space, moderate osteophytes, moderate hypertrophy of articular pro-
cess, mild subarticular bone erosions; (III) severe degeneration: nar-
rowed facet joint space, large osteophytes, severe hypertrophy of
articular process, severe subarticular bone erosions, subchondral cysts.

2.3.2. Pfirrmann grading system for disc degeneration (MRI based)
The Pfirrmann (Pfirrmann et al., 2001) grading system is based on

MRI T2 spin-echo weighted images and describes degenerative changes
of the intervertebral disc by analyzing water content and intradiscal
distribution patterns as well as disc height. Degeneration is described in
five grades: (I) homogeneous, hyperintense white signal, normal disc
height; (II) inhomogeneous, hyperintense white signal, clearly differ-
entiable nucleus and annulus, normal disc height; (III) inhomogeneous,
intermittent gray signal, unclear distinction between nucleus and
annulus, normal or slightly decreased disc height; (IV) inhomogeneous,
hypointense dark gray signal, no distinction between nucleus and
annulus, moderately decreased disc height; (V) inhomogeneous, hy-
pointense black signal, no difference between the nucleus and annulus,
collapsed disc space.

Fig. 1. Axial computed tomography of the lumbar spine shows severe facet joint degeneration (A). A facet joint sample (B) from the same patient excised during posterior lumbar
intervertebral fusion.

F. Goehre et al. Micron 100 (2017) 50–59

51

















Sci. Rep. 6.
Coste, J., Judet, O., Barre, O., Siaud, J.R., Delara, A.C., Paolaggi, J.B., 1994. Interobserver

and intraobserver variability in the interpretation of computed-tomography of the
lumbar spine. J. Clin. Epidemiol. 47, 375–381.

DiPaola, C.P., Molinari, R.W., 2008. Posterior lumbar interbody fusion. J. Am. Acad.
Orthop. Surg. 16, 130–139.

Friedmann, A., Goehre, F., Ludtka, C., Mendel, T., Meisel, H.-J., Heilmann, A., Schwan, S.,
2017. Microstructure analysis method for evaluating degenerated intervertebral disc
tissue. Micron 92, 51–62.

Gellhorn, A.C., Katz, J.N., Suri, P., 2013. Osteoarthritis of the spine: the facet joints. Nat.
Rev. Rheumatol. 9, 216–224.

Gersing, A.S., Schwaiger, B.J., Heilmeier, U., Joseph, G.B., Facchetti, L., Kretzschmar, M.,
Lynch, J.A., McCulloch, C.E., Nevitt, M.C., Steinbach, L.S., Link, T.M., 2016.
Evaluation of chondrocalcinosis and associated knee joint degeneration using MR
imaging: data from the osteoarthritis initiative. Eur. Radiol. 1–10.

Gill, K., Blumenthal, S.L., 1993. Posterior lumbar interbody fusion – a 2-year follow-up of
238 patients. Acta Orthop. Scand. 64, 108–110.

Han, B.K., Kim, W., Niu, J., Basnyat, S., Barshay, V., Gaughan, J.P., Williams, C.,
Kolasinski, S.L., Felson, D.T., 2017. Chondrocalcinosis in knee joints is associated
with pain but not with synovitis: data from the osteoarthritis initiative. Arthritis Care
Res.

Hawellek, T., Hubert, J., Hischke, S., Krause, M., Bertrand, J., Pap, T., Püschel, K., Rüther,
W., Niemeier, A., 2016. Articular cartilage calcification of the hip and knee is highly
prevalent, independent of age but associated with histological osteoarthritis:
evidence for a systemic disorder. Osteoarthr. Cartil. 24, 2092–2099.

Hayat, M.A., 2000. Principles and Techniques of Electron Microscopy Biological
Applications. Cambridge University Press.

Hoy, D., March, L., Brooks, P., Blyth, F., Woolf, A., Bain, C., Williams, G., Smith, E., Vos,
T., Barendregt, J., Murray, C., Burstein, R., Buchbinder, R., 2014. The global burden
of low back pain: estimates from the Global Burden of Disease 2010 study. Ann.
Rheum. Dis. 73, 968–974.

Hristova, G.I., Jarzem, P., Ouellet, J.A., Roughley, P.J., Epure, L.M., Antoniou, J., Mwale,
F., 2011. Calcification in human intervertebral disc degeneration and scoliosis. J.
Orthop. Res. 29, 1888–1895.

Ivicsics, M.F., Bishop, N.E., Sellenschloh, K., Berteau, J.-P., Morlock, M.M., Huber, G.,
2013. The effect of nucleotomy on facet joint loading – a porcine in vitro study. Clin.
Biomech. 28, 853–859.

Kalichman, L., Hunter, D.J., 2007. Lumbar facet joint osteoarthritis: a review. Semin.
Arthritis Rheum. 37, 69–80.

Kawcak, C.E., McIlwraith, C.W., Norrdin, R.W., Park, R.D., James, S.P., 2001. The role of
subchondral bone in joint disease: a review. Equine Vet. J. 33, 120–126.

Kettler, A., Wilke, H.J., 2006. Review of existing grading systems for cervical or lumbar
disc and facet joint degeneration. Eur. Spine J. 15, 705–718.

Lee, R.S., Kayser, M.V., Ali, S.Y., 2006. Calcium phosphate microcrystal deposition in the
human intervertebral disc. J. Anat. 208, 13–19.

Lin, P.M., Cautllli, R.A., Joyce, M.F., 1983. Posterior lumbar interbody fusion. Clin.
Orthop. Relat. Res. 154–168.

Little, J.W., Grieve, T.J., Cramer, G.D., Rich, J.A., Laptook, E.E., Stiefel, J.P.D., Linaker,
K., 2015. Grading osteoarthritic changes of the zygapophyseal joints from
radiographs: a reliability study. J. Manip. Physiol. Ther. 38, 344–351.

Mansour, J.M., 2009. Kinesiology The Mechanics and Pathomechanics of Human
Movement. In: Oatis, C.A. (Ed.), Williams &Wilkens, pp. 66–80.

Martinek, V., 2003. Anatomy and pathophysiology of articular cartilage. Deutsche Z.
Sportmed. 54, 166–170.

Meyerding, H.W., 1932. Spondylolisthesis. J. Bone Jt. Surg. 1.
Miyakoshi, N., Abe, E., Shimada, Y., Okuyama, K., Suzuki, T., Sato, K., 2000. Outcome of

one-level posterior lumbar interbody fusion for spondylolisthesis and postoperative
intervertebral disc degeneration adjacent to the fusion. Spine 25, 1837–1842.

Moore, R.J., VernonRoberts, B., Osti, O.L., Fraser, R.D., 1996. Remodeling of vertebral
bone after outer anular injury in sheep. Spine 21, 936–940.

Netter, F.H., 2014. Atlas of Human Anatomy, Professional Edition. Elsevier.
Okuyama, K., Abe, E., Suzuki, T., Tamura, Y., Chiba, M., Sato, K., 1999. Posterior lumbar

interbody fusion – a retrospective study of complications after facet joint excision and
pedicle screw fixation in 148 cases. Acta Orthop. Scand. 70, 329–334.

Pathria, M., Sartoris, D.J., Resnick, D., 1987. Osteoarthritis of the facet joints – accuracy
of oblique radiographic assessment. Radiology 164, 227–230.

Pfirrmann, C.W.A., Metzdorf, A., Zanetti, M., Hodler, J., Boos, N., 2001. Magnetic
resonance classification of lumbar intervertebral disc degeneration. Spine 26,
1873–1878.

Prolo, D.J., Oklund, S.A., Butcher, M., 1986. Toward uniformity in evaluating results of
lumbar spine operations – a paradigm applied to posterior lumbar interbody fusions.
Spine 11, 601–606.

Reina, N., Cavaignac, E., Pailhé, R., Pailliser, A., Bonnevialle, N., Swider, P., Laffosse, J.-
M., 2016. BMI-related microstructural changes in the tibial subchondral trabecular
bone of patients with knee osteoarthritis. J. Orthop. Res.

Spurr, A.R., 1969. A low-viscosity epoxy resin embedding medium for electron
microscopy. J. Ultrastruct. Res. 26, 31–43.

Stockwell, R.A., 1967. The cell density of human articular and costal cartilage. J. Anat.
101, 753–763.

Weishaupt, D., Zanetti, M., Boos, N., Hodler, J., 1999. MR imaging and CT in
osteoarthritis of the lumbar facet joints. Skelet. Radiol. 28, 215–219.

Wilke, H.-J., Zanker, D., Wolfram, U., 2012. Internal morphology of human facet joints:
comparing cervical and lumbar spine with regard to age, gender and the vertebral
core. J. Anat. 220, 233–241.

Zanker, D., 2001. Computertomographische Untersuchungen zur Spongiosastruktur der
Facettengelenke an Hals- und Lendenwirbelsäule.

F. Goehre et al. Micron 100 (2017) 50–59

59

http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0180
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0180
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0185
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0185
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0190
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0190
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0190
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0195
http://refhub.elsevier.com/S0968-4328(17)30094-X/sbref0195

