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quantify pathologies in mouse IVDs. We short-listed three IVD histo-

24-26

pathological scoring systems developed using mouse models and

adapted by studies using mouse model,132%2227-31 and one devel-

oped in rat®? and adopted for scoring mouse IVDs.333* Two scoring

FIGURE 2 Natural growth and aging of mouse lumbar IVD.
Representative H&E-stained microscopic images of mouse lumbar
IVDs at P7 (A), 1 M (B), 3 M (C), 12 M (D), and 28 M (E) of age
prepared in the coronal plane. The black arrow in P7 IVD shows the
immature cells in inner AF (A). The black arrow in 28 M IVD shows
loss of demarcation between NP and AF and loss of AF integration
into EP (E). AF, annulus fibrosus; EP, endplate; GP, growth plate; NP,
nucleus pulposus. Scale bar = 200 pm

systems were developed on human IVD samples®>3¢ (Figure 3) but
later adapted for scoring mouse 1VDs based on histopathological and
microscopic features (References 34,37-42 to name a few; Table 1).
The original Thompson grading system evaluates structural changes in
human IVD at the macroscopic level and is not suitable to quantify
histological changes. Next, we compared these scoring systems for
features analyzed, scoring range (Figure 3), experimental models, stan-
dard operating procedures (SOPs) for histological preparation of IVD
samples, and statistical analysis for testing the reliability of the scoring
system (Table 1). The needle-puncture model was used for modeling
IVD degeneration in all studies for developing mouse histopathologi-

cal systems.24-26:32

IVDs of static compression models and genetic
mutants were assessed by one study?® (Table 1). IVDs from aging
rodents, both mice and rats, were not tested in the original studies,
overlooking the naturally occurring pathologies. The Tam et al, study
did analyze the IVDs from aged mice to develop the scoring criteria.
While fibrosis in the NP region was considered by one rodent scoring
system,?* NP and AF cellularity and matrix features were considered
by all (Figure 3). However, none of the previous rodent IVD histopath-
ological scoring systems analyzed the presence of notable pathological
features of degenerating human IVDs, including the presence of cells
in lacuna,*® protrusion of AF, vascularization of AF,** features also
observed in IVDs of aging mice.2*1>1” The EP was not included in any
of the previous rodent IVD histopathological scoring systems
(Table 2). EP grading schema was proposed in a recent study.** The
NP-AF boundary was considered for scoring the interface region by a
few studies (Figure 3). All histopathological scoring systems catego-
rized the pathological features on an ordinal scale of an equal interval
(Figure 3). All scoring systems, except Thompson, assigned zero (0) to

the healthy or non-degenerate IVDs. The highest score given to the

FIGURE 3 Summary of published histopathological scoring
systems. The chart shows features analyzed and scoring range from
the listed histopathological scoring systems
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(Continued)

TABLE 1

Boos et al, 2002

Thompson et al, 1990

Tam et al, 2018 Tian et al, 2018 Han et al, 2008

Ohnishi et al, 2016

Kappa for each

Agreement between

Kappa for each

Cleft/fissures in AF:

feature not
reported

assigned and average

grades:

feature not
reported

k = 0.423

Grade 1: 85%
Grade 2: 92%

AF/NP boundary:

k = 0.203
AF structure: x = 0.131

Grade 3: 68%
Grade 4: 90%
Grade 5: 76%

MELGOZA ET AL

Not reported

Percent agreement: 85-

Not reported Cohen's kappa

Not reported

Kappa

Intra-rater

87%

reliability

Cohen's kappa. k = 0.87-

k=0.84

k=0.85-1.0

0.91
37; 38; 39; 40; 42

34; 41

33; 34

13; 20; 31 30; 34

27; 28; 29; 30

Examples of application for
scoring mouse IVDs
(select references)

most severely degenerated IVDs varied between the studies, and so
did the scoring range (Figure 3). The Tam et al study attributed the
highest scores of “four” based on the presence of NP mineralization
as observed in the sacral IVD, which physiologically mineralizes and
fuses before skeletal maturity and is not a degenerative phenotype.*¢
Hence, the severely degenerative phenotype in mouse IVDs cannot
be scored accurately. All studies tested their scoring systems using
blinded raters for inter-rater reliability (Table 1). Reliability was tested
by applying different algorithms including Fleiss's multi rater kappa (x)
for absolute agreement,?®> and weighted « for testing the magnitude
of agreement. Intra-rater reliability was reported by only a few of the
studies (Table 1).

2.1.3 | Survey to capture feedback of spine
community

Next, to capture the opinion of the spine community regarding histo-
pathological features and scoring criteria for the mouse IVD, a
detailed survey was designed. The survey was sent out through ORS
Spine Section to ~260 spine researchers and an additional ~10 other
spine researchers. Forty-two respondents representing 29 laborato-
ries from around the world (Figure S1A) participated in the survey.
However, the survey had over-representation by one lab (Figure S1A).
A multiple-choice questionnaire captured the commonly used
SOPs for histopathological preparation of mouse IVD samples. Results
show that the lumbar (37.04%) and caudal (32.51%) IVDs are the com-
monly studied spine regions (Figure 4A), processed either by paraffin
embedding (49.09%) or for cryosectioning (36.36%) (Figure 4B), sec-
tioned at 5 to 20 um thickness and mostly in sagittal (45.59%) or coro-
nal (38.24%) plane (Figure 4C). One of the respondents mentioned
the use of custom 3-D histology. Safranin-O, Fast Green & hematoxy-
lin (SafO/Fast green/H) (32.31%), and hematoxylin and eosin (H&E,
31%) were the commonly used histochemical stains (Figure 4D).
Based on the previous scoring systems for rodent and human

IVDs (Figure 3), and
IVDs 12-15,19-22,47,48

pathologies reported in  mouse
a list of scorable histopathological features were
included in the survey. The percentage response on a six-point Likert
scale (0, least important and 5, most important) shows that features of
NP morphology, cellularity, and fibrosis were considered important
(Figure 4E). Moreover, clusters of NP cells (93%), absence/loss of NP
cells (83%), number of NP cells (69%), and evenly spread NP cells
(67%) were noted as critical features of NP morphology and cellularity
(Figure 4F). Matrix disorganization (74%), scar formation and tissue
granulation (60%) were noted as key features of NP fibrosis
(Figure 4G). Important scorable features of the AF included clefts/fis-
sures, lamellar organization, as well as outward and inward bulging of
the AF (Figure 4E). Inclusion of neovascularization of the AF in histo-
pathological scoring was debated, as routine histopathological
methods may be insufficient to visualize neovascularization, requiring
instead specific staining and methodologies. Enthusiasm to score inner
and out AF separately was noted (~60%, Figure 4H). The key features

to consider for scoring the EP region included calcification, cartilage
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