Polygenic risk score for persistent back pain
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Introduction

Persistent back pain (BP) is a common debilitating condition leading the list of disorders causing disability in much of the world.
It leads to work absenteeism, job loss and long-term disability. In Europe, the costs of BP are estimated to amount to 1%-2% of
GDP. Predicting the development of persistent BP may contribute to reducing its burden on society and healthcare by offering
stratified clinical management early in the condition. The use of polygenic risk scores (PRS) is a promising approach to stratifying
individuals into risk groups based on their genetic make-up across the whole genome. BP is heritable (30%-60%), therefore the
use of PRS for this disorder may be fruitful as has been demonstrated in other common complex traits. In the current study we
explored the utility of PRS for BP using UK Biobank and TwinsUK data.

Methods

We used summary statistics from our published UK Biobank genome-wide association study for BP in North Europeans (n =
450,000) to calculate a weighted PRS across multiple p-value thresholds. The PRS were tested for association with disabling and
non-disabling BP in TwinsUK data (n = 1,812 and 4,135, respectively). We used the coefficient of determination (R?) to select
PRS with the highest predictive capacity and then calculated prevalence of BP phenotypes in various percentiles of the PRS.
Based on the results we selected percentile thresholds to stratify individuals into high, medium and low risk groups followed by a
comparison of prevalence of BP in high and low risk groups versus medium risk.

Results

The PRS with the highest R? (R? = 0.01) comprised 7,269 genetic variants with p-value < 1e-3 for association with BP in UK
Biobank. We established that individuals with PRS below 20% and above 80% of the PRS distribution exhibit lower and higher
prevalence of BP, respectively, compared to mean in TwinsUK. For both disabling and non-disabling BP there were statistically
significant lower or higher odds of BP in respective percentile groups compared to medium risk group (Table).

Discussion

To the best of our knowledge, this is the first report considering PRS as a potential tool to predict the risk of BP. The results of the
study suggest predictive capacity of PRS and warrant further research using a combination of PRS and available clinical tools,
such as the STarT Back clinical tool which helps to match primary care patients to the most suitable treatment.
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Table — Odds ratios for disabling and non-disabling back pain for individuals with PRS-based low
and high risks compared to medium risk in TwinsUK

Risk group  Percentiles of PRS to stratify individuals

0.2vs 0.8 0.1vs0.9 0.05vs 0.95
Disabling LBP
Low 0.84 (0.64-1.09) 0.68 (0.47-0.98) 0.71(0.41-1.18)
High 1.41 (1.10-1.82) 1.46 (1.04-2.04) 1.50 (0.91-2.43)
Non-disabling LBP
Low 0.90 (0.75-1.08) 0.74 (0.57-0.94) 0.69 (0.48-0.97)
High 1.33 (1.11-1.57) 1.24 (0.99-1.56) 1.23 (0.89-1.67)

1. Freidin MB, et al. Insight into the genetic architecture of back pain and its risk factors from a study of 509,000 individuals.
Pain. 2019 Jun;160(6):1361-1373. doi: 10.1097/j.pain.0000000000001514.
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INTRODUCTION: Platelet-rich plasma (PRP) is an autologous blood concentrate containing a vast majority of bioactive proteins.
PRP has been used for treatment of musculoskeletal pathologies, including muscle and tendon injuries and osteoarthritis.
Recently, clinical application of PRP is also gaining popularity in treating degenerative disc disease. This study evaluated the
efficacy and safety of PRP-releasate (PRPr) injection into degenerated discs of patients with discogenic low back pain (LBP).

METHODS: A randomized, double-blind, active-controlled clinical trial was conducted. Patients aged > 18 years who had LBP for
more than three months with one or more lumbar discs (L3/L4 to L5/S1) with evidence of degeneration, as indicated by magnetic
resonance imaging (MRI), and at least one symptomatic disc, confirmed using standardized provocative discography, were
considered for inclusion. Sixteen patients (mean age: 32.2 + 8.3 years old, 11 men, 5 women) with discogenic LBP were randomly
assigned to receive an intradiscal injection of either autologous PRPr or corticosteroid (CS) (betamethasone sodium phosphate).
Patients in both groups who wished to have PRPr treatment received an optional injection of PRPr eight weeks later. The primary
outcome was change in visual analogue scale (VAS) from baseline at eight weeks post-injection. Secondary outcomes were pain,
disability, quality of life (QOL), radiographic disc height, magnetic resonance imaging (MRI) grading of disc degeneration, the
success rate of the treatment, and safety for up to 60 weeks.

RESULTS: VAS scores of both PRPr and CS groups decreased significantly over the observation period (P<0.01) (Fig. 1). VAS
change at eight weeks did not significantly differ between PRPr (-30.9 mm) and CS (-26.3 mm) groups (P=0.6). Fifteen patients
received the optional injection. Compared to the CS group, the PRPr group (PRPr double injection) had significantly improved
disability score at 26 weeks (PRPr: -88.0%, CS: -42.1%, P<0.05), and walking ability scores at four and eight weeks (P<0.05,
respectively). The mean change in radiographic disc height of the PRPr group tended to be higher than that of the CS group
throughout, and a statistical significance was identified at week 60 (P<0.05). MRI grading score was unchanged from baseline.
PRPr caused no clinically important adverse events, except for injection pain.

DISCUSSION: The intradiscal injection of PRPr showed clinically significant improvements in LBP intensity in patients with
discogenic LBP, like those injected with glucocorticoid at eight weeks post-injection. PRPr treatment was safe and maintained
improvements in pain, disability, and QOL for 60 weeks follow-up.
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Introduction Sagittal spinopelvic alignment (SSPA) parameters are essential for the diagnosis of adult spinal deformities and
their progression. Certain clinical symptoms that occur in patients with lumbar spinal stenosis (LSS) and herniated nucleus
pulposus (HNP) may distort one’s SSPA and mimic adult spinal deformities. Inaccurate measurements of SSPA may lead to
unnecessary realignment surgeries, which is an enormous burden to both physicians and patients. In this study, we aimed to
differentiate SSPA in symptomatic patients to those without symptoms in the standing position.

Methods This retrospective cohort study evaluated the changes in SSPA following simple lumbar decompression surgery in
patients with LSS and HNP. Relative sagittal alignment (RSA), relative pelvic version, relative lumbar lordosis (RLL), lordosis
distribution index (LDI), and global alignment and proportion (GAP) scores were calculated using the conventional Schwab
classification method. First, the pre- and postoperative SSPA parameters were compared. Second, patients were sub-grouped
into symptomatic (SP) and asymptomatic (SN) groups on standing position. Patients with pain that is evoked by standing for
longer than 10 minutes were defined as symptomatic, which corresponds to 4 points or more on the ODI subcategory - 'standing'.
SSPA parameter changes after symptom relief in SP group following simple lumbar decompression surgery were compared to
those of SN group.

Results Sixty-three patients who underwent simple lumbar decompression between April 2019 and June 2021 were included in
this study. Thirty-three and 29 patients were grouped into the SP and SN group, respectively. The mean age, BMI, male-to-female
ratio, and diagnosis of lumbar pathology were not significantly different between the two groups (p=.68, p=.82, p=076, and p=.80,
respectively). In total, patients with lumbar pathology showed improvements in all SSPA parameters following surgery (RSA, RLL,
and LDI values improved with p=.002, p<.001, and p=.002, respectively). However, after subgrouping, asymptomatic patients in
the standing position did not show significant SSPA alterations except for LDI (p=.035), whereas symptomatic patients significantly
improved in terms of their RSA, RLL, LDI, and GAP values (p=.001, p<.001, p=0.032, and p=0.05, respectively) following symptom
relief from the surgery.

Discussion Our study demonstrated that patients with pain on standing within 10 minutes showed significant correction in RSA,
RLL, and GAP values following simple lumbar decompression, whereas patients without pain on standing did not. Furthermore,
SN group, scoring 3 or less on the ODI subcategory 'standing’, scored higher VAS - leg and back - and total ODI compared to SP
group. Therefore, misleading measurements of SSPA is more likely caused by the pain on standing position and not by other
symptoms relating to LSS and HNP. Previous studies have reported that SSPA improvements were observed in LSS patients
who have undergone simple lumbar decompression surgeries. Most presumed buckling of ligamentum flavum impinging on spinal
nerves caused distortion of SSPA, as flexion of lumbar spine may release the impingement. However, these studies provided
limited evidence on improvements of SSPA and showed various patterns of improvements. Based on our study, it is important to
focus on clinical symptoms rather than disease entity itself.
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INTRODUCTION

Risk factors for chronic back pain (CBP) include not only intervertebral disc degeneration but also psychological make-up and
social influences (1). Our previous work suggested that such risk factors share genetic influence with CBP (2). Shared underlying
genetic influence makes risk factors difficult to study using conventional epidemiological methods. New methods which use genetic
factors as instruments or surrogate measures can overcome these difficulties to some extent. Using large, publicly available
datasets we conducted a bi-directional Mendelian randomisation (MR) study to examine the causal effects of educational years,
smoking, alcohol consumption, physical activity, sleep and depression on CBP and the causal effect of CBP on these same risk
factors.

METHODS

Genetic instruments for risk factors and CBP were obtained from the largest published genome-wide association studies (GWAS)
of risk factor traits conducted in individuals of European ancestry. To strengthen the confidence in our findings we used a
combination of methods. We used inverse weighted variance meta-analysis (IVW), Causal Analysis Using Summary Effect
(CAUSE) and sensitivity analyses to examine evidence for causal associations. We interpreted exposure-outcome associations
as being consistent with a causal relationship if results with IVW or CAUSE were statistically significant after accounting for
multiple statistical testing (p<0.003), and if the direction and magnitude of effect estimates were concordant between IVW, CAUSE,
and sensitivity analyses.

RESULTS

We found evidence for statistically significant causal associations between years of schooling (OR per 4.2 years = 0.54), ever
smoking (OR = 1.27), greater alcohol consumption (OR = 1.29 per consumption category increase) and major depressive disorder
(OR = 1.41) and the risk of CBP. Conversely, we found evidence for significant causal associations between CBP and greater
alcohol consumption (OR = 1.19) and between CBP and smoking (OR = 1.21). Other relationships did not meet our pre-defined
criteria for causal association.

CONCLUSION

Our work revealed that fewer years of schooling, smoking, greater alcohol consumption and major depressive disorder all increase
the risk of CBP. Examination of the reverse direction showed that, unsurprisingly, CBP increases the risk of greater alcohol
consumption and smoking. Our findings are robust to confounding because genetic instruments reduce this epidemiological
limitation. This work suggests that public health measures childhood and early adulthood and the recognition and prompt treatment
of depression may reduce the population burden of CBP. Randomised controlled clinical trials based on population samples
should be explored.
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INTRODUCTION: In the intervertebral disc (IVD), several mechanisms are involved in higher proteolytic activity and activation of
the immune system during degeneration. With the increase of the degree of disc degeneration, deposition of the terminal
complement complex (TCC), an innate immune response activation product that contributes to cell lysis and inflammation, has
been shown to be increased in human IVD tissues.' The present work focuses on understanding whether i) TCC deposition is
involved in disc degeneration and ii) if mice deficient for C6 (a TCC component; C6-def group) and with deletion of CD59 (a TCC
direct inhibitor; CD59-ko group) are suitable models for mechanistic investigations.

METHODS: IVDs were collected from lumbar spines and tails from
male C6-def and CD59-ko mice and compared to wild type (WT)
animals (n=6-9 mice/group), with ethical approval. Tail IVDs from 13-,
32- and 52-weeks old WT, C6-def and CD59-ko mice were directly
prepared for gene expression analysis of TCC
inhibitors CD46 and CD55, as well as cell metabolism (Bcl2, c-Fos),
inflammation (/L6), ECM composition (COL1A1, COL2A1) and matrix
degradation (MMP3) markers. The lumbar spines were processed for
safranin Of/fast green histological staining and Thompson Score
determination.? Moreover, lumbar spines from 13-weeks old WT, C6-
def and CD59-ko mice were kept in organ culture for 8 days, and
stimulated with 5% normal mouse serum (containing all the necessary
components for TCC formation — C5, C6, C7, C8 and C9) and
interleukin-1B (IL-1B) or cathepsin-D (CTSD).® The described IVD
evaluations were also performed after organ culture. Results were
compared to unstimulated controls. Statistical analysis was performed
with Kruskal-Wallis test.

RESULTS: IVD tissues from 52-weeks old CD59-def mice presented
upregulated expression of CD46, CD55 (Figure 1A), Bcl2, c-
Fos, IL6 and MMP3 in comparison to 13-weeks old CD59-ko and to 52-
weeks old C6-def mice (p<0.05), as well as slightly higher Thompson
Score in the annulus fibrosus region, but not in the nucleus pulposus
(Figure 1B). The organ culture data showed upregulation
of IL6 and MMP3 by IVD cells from IL-1B-treated spines of both C6-def
and CD59-ko mice (p<0.05), whereas Col1A1 and COL2A1 were
upregulated after CTSD treatment of C6-def mouse spines (p<0.05), but
not affected in the CD59-ko samples. CD45 and CD55 gene expression
was not altered.

DISCUSSION: Overall, IVDs from C6-def mice seem to present a different phenotype from CD59-ko mice, indicating a slightly
accelerated IVD degeneration in CD59-ko compared to C6-def rodents with ageing, which is in agreement with previous results
observed in osteoarthritic mice*. The findings also support our hypothesis that C6 deficiency may reduce the inflammatory
response and thus protect the tissue from degeneration, while a CD59 knockout (leading to reduced inhibition of TCC formation)
may contribute to accelerated disc degeneration. Therefore, TCC modulation may offer possible new therapeutic options to target
IVD degeneration. Acknowledgement: ISSLS Research Grant 2020.
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INTRODUCTION

Physical activity favors weight loss and ameliorates pain and function in patients suffering from discogenic low back pain (LBP).
Although there is currently no biologic evidence that the intervertebral disc (IVD) can respond to physical exercise in humans, a
recent study has shown that chronic running exercise is associated with increased IVD hydration and hypertrophy'. Irisin, a
myokine released upon muscle contraction, has demonstrated to yield anabolic effects on different cell types, including
chondrocytes?. This study aimed to investigate the effect of irisin on human nucleopulpocytes (RNPCs) in vitro. Our hypothesis
was that irisin would improve hNPC metabolism and proliferation.

METHODS

hNPCs were isolated from IVD samples obtained during spine surgery and cultured in alginate beads. ANPCs were then exposed
to either phosphate-buffered saline (PBS) or human recombinant irisin (r-irisin) for 7 days at a concentration of 5, 10 and 25 ng/mL
(n = 4). Each experiment was performed in triplicate. Cell proliferation was assessed with trypan blue staining-automated cell
counting and PicoGreen assay at 4, 10 and 14 days of culture. Glycosaminoglycan (GAG) content was measured using the
dimethylmethylene blue (DMMB) assay and normalized to the DNA ratio at 7 days of culture. Metabolic activity was assessed
with the MTT assay and the Griess Reagent System at 4 days of culture. Gene expression of collagen type Il (COL2), matrix
metalloproteinase (MMP)-13, tissue inhibitor of matrix metalloproteinase (TIMP)-1 and -3, aggrecan, interleukin (IL)-183, a
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-5 was measured by real time-polymerase chain reaction
(RT-PCR) at 7 days of culture. In addition, MTT assay and ADAMTS-5, COL2, TIMP-1 and IL-1B gene expression were evaluated
following incubation with 5, 10 and 25 ng/mL r-irisin for 24 hours and subsequent culture with 10 ng/ml IL-18 for 7 days and vice
versa (incubation for 24 hours with IL-13 and subsequent culture with r-irisin for 7 days).

RESULTS

Irisin increased hNPCs proliferation (Fig. 1, p<0.001), metabolic activity (Fig. 2, p<0.05), and GAG content (Fig. 3, p<0.01), as
well as COL2 (p<0.01), ACAN (p<0.05), TIMP-1 and -3 (p<0.01) gene expression, while decreasing mRNA levels of MMP-13
(p<0.05) and IL-1B (Fig. 4, p<0.001). r-irisin pretreatment of hNPCs cultured in pro-inflammatory conditions resulted in a rescue
of metabolic activity (Fig. 5, p<0.001), as well as a decrease of IL-1b (Fig.6, p<0.05) levels. Similarly, incubation of hNPCs with
IL-18 and subsequent exposure to r-irisin led to an increment of hNPC metabolic activity (p<0.001), COL2 gene expression
(p<0.05) and a reduction of IL-18 (p<0.05) and ADAMTS-5 levels (Fig. 6, p<0.01).

DISCUSSION

The present study suggested that irisin may stimulate hNPC proliferation, metabolic activity, and anabolism by reducing the
expression of IL-1B and catabolic enzymes while promoting the synthesis of extracellular matrix components. Furthermore, such
myokine was able to blunt the catabolic effect of in vitro inflammation. Our results indicate that irisin may be one of the mediators
by which physical exercise and muscle tissues modulate IVD metabolism, thus suggesting the existence of a biological cross-talk
mechanism between the muscle and the IVD.
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INTRODUCTION: In the nucleus pulposus (NP) core, [glucose] is low, and, as anaerobic glycolysis leads to lactate production,
the pH is low . It has been hypothesized that cells may be metabolically more active when they are loaded but it has not been
determined if these changes in metabolism can affect cell survival by interacting with the nutrient/metabolite homeostasis (Figure

1).

METHODS: Bovine NP explants were cultured in a previously developed volume controllable chamber?, which can be dynamically
loaded in a novel axial compression bioreactor. Explants were cultured for 7 days in degenerative medium (DM, 1 mM glucose,
pH 6.8) or healthy medium (HM, 3 mM glucose, pH 7.1) with either non dynamic loading (NDL) or simulated physiological loading
(SPL) and compared to native tissue (n=6 for all groups). To determine changes of the extracellular matrix, the sulphated
glycosaminoglycan-, hydroxyproline-, and water-content were measured, and the tissue was stained with Alcian blue. Glucose
and lactate were measured in the medium supernatants and tissue. A lactate dehydrogenase staining was performed to determine
the viable-cell density (VCD).

RESULTS: The histological appearance as well as tissue composition of NP explants did not change in any of the groups. There
was no gradient formation of glucose or lactate in the tissue. Glucose levels in the tissue reached critical values for cell survival
(< 0.5 mM") in all groups. Generally, lactate in the medium was increased in the SPL compared to the NDL groups (Figure 2).
The VCD in the periphery of the NPs was not reduced in any of the groups. However, the VCD in the central region of the NP was
reduced in the SPL groups (p<0.01, Figure 3), which led to a significant gradient formation of VCD in these groups (p<0.05).
Within the HM or DM groups, there were no differences in tissue lactate concentration, however, the concentration was
significantly increased in the HM compared to the DM groups (p<0.001).

DISCUSSION: Physiological loading is believed to be essential for homeostasis of the IVD3. Here, we demonstrated that such
loading can affect cell metabolism so much so that it was associated with changes in cell viability leading to a new equilibrium in
the tissue, in both DM and HM. Urban et al. (2004) described that an interplay between pH and glucose orchestrates cellular
survival and that cellular survival between 0 to 0.5 mM glucose is pH-dependent'*. We hypothesize, that the formation of a VCD
gradient was caused by critically low glucose levels in combination with increased lactate production, decreasing the pH locally.
This might have created a temporal gradient of low nutrition and high pH in the central region, in which cell survival was no longer
possible. However, at the timepoint of harvest, there was no gradient in lactate and glucose tissue levels, which we believe arose
from fast equilibration once a new cell density was reached. Concluding, physiological levels of loading lead to metabolically more
active cells, which is relevant for disc degeneration and regeneration.
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INTRODUCTION: TSC1mKO mice have muscle-specific knockout of the TSC1 inhibitor that leads to paraspinal myopathy-
induced kyphosis and disc degeneration which is useful in the study of sarcopenia and the aging spine. Exercise has been
commonly used for sarcopenia treatment, but its impact on spinal degeneration remains unclear. In this study, we examine general
treadmill exercise on paraspinal muscle myopathy, intervertebral disc degeneration and kyphosis in female TSC1mKO mice.

METHODS: Twenty-five female mice were used for this study (TSC1mKO: n = 7, control: n = 7, TSC1mKO exercise
(TSC1mKOEX): n=4, control exercise (ControlEx) n=7). Cobb angle, disc height was measured using high resolution microCT at
12 months. Exercise group mice were treated by uphill treadmill exercise 5 days/week between 8 and 12 months (2 stints of a 3-
week exercise). At the end of treatment, time to exhaustion was measured. Myopathic changes in the paraspinal muscle were
examined via Wheat Germ Agglutinin (WGA)/DAPI stain, and IVD was evaluated via FAST stain.

RESULTS: Similar to our previous study[1], TSC1mKO mice developed 1) accelerated myopathy representative of sarcopenia

with histological sections showing presence of central nuclei and triangular fibres, 2) larger thoracolumbar kyphosis, and 3) faster

intervertebral disc degeneration in terms of disc height loss and higher FAST staining disc scores at L3/4, L4/5 compared to
controls.

After uphill treadmill exercise regime, the endurance
performance of TSC1mKO exercise mice reached a
level comparable to control sedentary mice level
(>1000s) while TSC1mKO mice had reduced endurance
of 750s. Exercise reduced the proportion of triangular
degenerated fiber (TSC1mKOEx 2.940.1% vs
TSC1mKO 6.3%4.8%, p= 0.07) in TSC1mKO mice.
(Figure 1A)

In terms of disc health, exercise improved disc heights
of control mice at L4/5 (ControlEx 294 +33um vs Control
247 + 59um, p=0.03) but not in TSC1mKO mice
(TSC1mKOExX 164+42um vs TSC1mKO 164 +27um,
p=0.49), as well as the disc scores of control mice at
L4/5 (ControlEx 1.25 +0.50 vs control 2.0 +0.53,
p=0.025) but not in TSC1mMKO mice (TSC1mKO 5.38
+1.69 vs TSC1mKOEXx 6.50+1.91, p= 0.18) (Figure 1B).
Interestingly, exercise increased disc matrix/disc tissue
area at L4/5 in TSCImKO mice (TSC1mKOEx
59.4+17.3% vs TSC1mKO 37.4£13.1%, p=0.04) but not
in control mice (ControlEx 61.9£19.3% vs Control
47.3+£1.3%, p=0.14). (Figure 1C)

In spite of exercise, there were no changes in spinal
kyphosis for both TSC1mKO mice (TSC1mKOEx
82.17+14.87° vs TSCI1mKO 83.67+17.18°, p=0.44)
(Figure 1D) and control mice (ControlEx 47.8+15.5° vs
control 57.1£16.7°, p=0.17).

DISCUSSION: This study demonstrated that general treadmill exercise can improve overall TSC1mKO mice endurance and
paraspinal myopathy. It fails to improve intervertebral disc health but increases disc matrix formation in TSC1mKO mice compared
to control mice. Exercise has no impact on spinal alignment for all mice. This study supports further optimization of exercise
regimes to be paraspinal muscle-specific, so as to treat the spinal degenerative process.

1. Hey HWD, Lam WMR, Chan CX, Zhuo WH, Crombie EM, Tan TC, Chen WC, Cool S, Tsai SY. Paraspinal Myopathy-
Induced Intervertebral Disc Degeneration and Thoracolumbar Kyphosis in TSC1mKO Mice Model - A Preliminary Study.
Spine J. 2021 Oct 12:S1529-9430(21)00902-5.
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Introduction

The intervertebral disc (IVD) is a frequent cause of low back pain (LBP), and severity of IVD degeneration correlates with LBP
prevalence. Dorsal root ganglion (DRG) neurons are the first-order neurons that transduce nociceptive/pain signals. Particularly,
the spontaneous activation of these DRG neurons in the absence of noxious stimuli is correlated with spontaneous pain. Aberrant
spinal mechanical loading is frequently discussed as a potential risk for LBP, but whether the intensively loaded IVD can influence
pain-associated sensory nerve sensitization remains unknown. We hypothesized that intensive loading of IVD induces an
increased spontaneous activation of DRG neurons.

Methods

Whole organ cultures of bovine tail IVDs were mechanically loaded in a bioreactor. High static loading of 0.2 MPa for 24h/day was
applied to the IVD for 7 days to represent 'long-term sitting and standing' compared with a low static loading maintaining the initial
disc height. Furthermore, dynamic loading of high frequency and intensity represented the 'wear and tear' loading, whereas low
frequency and intensity loading was applied to represent the 'physiological' loading condition (0.32~0.5 MPa at 5 Hz versus 0.02
~0.2 MPa at 0.2 Hz, for 3 h/day for 5 days).

To investigate the influence of static loading on IVD biology, degeneration-associated gene expressions of the IVD cells were
evaluated using real-time RT-PCR. Viability of the disc cells was analyzed using lactate dehydrogenase (LDH) and ethidium-
homodimer-1 staining of IVD cryosections.

Conditioned media (CM) were collected to stimulate primary cultures of bovine DRG neurons. Calcium imaging with Fluo-4 was
used to evaluate the spontaneous calcium oscillation in the DRG neurons. The phenotypes of DRG neurons were labelled using
immunofluorescence following the calcium imaging. Calcium oscillation in calcitonin gene related peptide (CGRP)-positive and
CGRP-negative neurons was evaluated separately.

Results

High static loading increased interleukin 6 (IL-6) and matrix metalloproteinase 13 (MMP-13) gene expression in nucleus pulposus
(NP) cells by 43.7 (p=0.07) and 13.2 (p=0.05) fold, respectively. High static loading also induced higher cell death compared with
low static loading in inner annulus fibrosus (AF) and NP regions. The proportion of dead cells was increased from 3.9% to 15.7%
in inner AF (p=0.03) and from 14.3% to 18.5% in NP region.

CM of IVDs subjected to both forms of intensive loading enhanced the spontaneous calcium oscillation in CGRP(-) neurons
compared with their control IVD CM. High static loading induced the spontaneous calcium signals in a larger proportion of CGRP(-
) neurons (84.32% versus 69.62%, p<0.01). High frequency and intensity cyclic loading elevated the normalized spontaneous
calcium fluorescent peak height (AF/Fo) by 8.6% (p<0.05).

Discussion

The high static loading induced a degenerative-like change in the inner AF and NP region of the IVD. Likewise, consistent with
our former studies, high frequency and intensity loading caused an upregulation of IVD degeneration-associated genes.

Both static and cyclic intensive loadings mediated an altered disc-nerve communication which may suggest a biological
mechanism associated with discogenic pain. However, how this disc-nerve communication is associated with LBP should be
validated using in vivo models and clinical studies in the future.
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INTRODUCTION

It remains uncertain whether decompression surgery is noninferior to decompression with instrumented fusion in patients with
lumbar spinal stenosis and degenerative spondylolisthesis.

METHODS

In this open-label, multicenter, noninferiority trial, patients were randomly assigned to decompression or decompression with
instrumented fusion. Patients were included with symptomatic lumbar stenosis that did not respond to conservative management
for at least 3 months and 3 mm or greater single level spondylolisthesis, regardless of dynamic slippage of vertebral bodies.
Patients with degenerative scoliosis more than 20 degrees, radicular pain related to an extensive foraminal stenosis, or previously
operated at the level of spondylolisthesis were not included. The decompression group were operated with a midline-preserving
decompression. The techniques used for decompression with instrumented fusion was at the discretion of operating surgeons.

The primary outcome was an improvement of at least 30% on the Oswestry Disability Index (ODI; ranging from 0 to 100, with
higher scores indicating more impairment) from inclusion to 2-year follow-up. The noninferiority margin was a between-group
difference of 15 percentage points in the primary outcome. To declare noninferiorirty for decompression, noninferiority was
required in the modified intention-to-treat analysis and the per-protocol analysis. Secondary outcomes included mean
improvements in the ODI, the Zurich Claudication Questionnaire, the Numerical Rating Scale for leg and back pain, duration of
surgery and hospital stay, and reoperation within 2 years.

RESULTS

In total 267 patients were randomized; 134 to decompression alone (mean [SD] age 66.0 [7.4] years and 133 to decompression
and instrumented fusion (mean [SD] age 66.5 [7.9] years. In the modified intention-to-treat analysis with multiple imputation of
missing data (n= 26), 95 of 133 patients (71.4%) in the decompression group and 94 of 129 patients (72.9%) in the instrumented
fusion group met the primary outcome (difference 1.4 percentage points; 95% confidence interval [Cl], -9.4 to 12.2). In the per-
protocol-analysis 80/106 (75.5%) and 83/110 patients (75.5%) met the primary outcome (difference, 0.0; 95% CI -11.4 to 11.4).
The both analyses demonstrated noninferiority. The mean between-group difference in ODI from baseline to 2-year follow-up was
0.7 (95% ClI, -2.8 to 4.3). Decompression alone was associated with shorter operation time (104 vs 174 minutes; mean difference
-70; 95% Cl, -84 to -55) and shorter hospital stay (3.3 vs 5.0 days; mean difference -1.8; 95% Cl, -2.4 to -1.2 days). The reoperation
rate was 15 of 120 patients (12.5%) in the decompression group and 11 of 121 (9.1%) in the instrumentation group (mean
difference, 3.4%-points; 95% CI, -4.6 to 11.5 %-points).

DISCUSSION

In this trial involving patients with primary surgery for single-level degenerative lumbar spondylolisthesis, without a deformity or
an extensive foraminal stenosis, decompression alone was noninferior to decompression with instrumented fusion over 2 years.
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INTRODUCTION: The direct-lateral (trans-psoas) approach to the spine is a popular choice for interbody fusion procedures in
the management of spondylolisthesis and degenerative disc disease. There are known risks of lumbar plexus and femoral nerve
injury making preoperative planning essential. Previous investigators have described “the rising psoas sign” where the psoas
muscle drifts anteriorly away from the vertebral column on advanced imaging axial views creating increased risk with the direct
lateral approach. The purpose of the present study was to examine the association of sequential multilevel (tandem)
spondylolisthesis and psoas position at the L4-L5 lumbar level.

METHODS: Subjects with lumbar spine MRIs and/or full-length spine films were identified and stratified into 3 age and gender-
matched cohorts: 1) No spondylolisthesis, 2) Single level lumbar spondylolisthesis, & 3) sequential multilevel (tandem) lumbar
spondylolisthesis. Medical records were retrospectively reviewed. The position of the psoas muscle (centrally and apically) relative
to a tangent line at the posterior aspect of the L4-5 disc was measured. Spinopelvic parameters were recorded in all patients with
full-length spinal films. Chi-square analysis was used to determine differences in gender. Two-tailed unpaired t-tests were used
to identify differences in continuous variable demographics and radiographic measurements. p < 0.05 was considered statistically
significant.

RESULTS: Two hundred and one subjects (75 M, 126 F;
age 63+13 years) were identified. No spondylolisthesis
patients (n=52, 20 M, 32 F, age 61+19, BMI 30.80+7.03,
aCCl 3+2), single-level spondylolisthesis patients (n=110, 41
M, 69 F, age 63+12, BMI 31.44+6.95, aCCl 3+2), and
tandem spondylolisthesis patients (n=39, 14 M, 25 F, age
65+8, BMI 30.66+7.29, aCCl 3+2) had no differences in
demographics (p >0.1). The center (C) psoas and apical (A)
psoas position was more ventral in patients with tandem
spondylolisthesis (n=39) (C: 28.9 mm +10.1 mm & A: 50.9
mm) as compared to patients with single-level
spondylolisthesis (n=110) (C: 24.3 mm £7.3 mm; p = 0.012
& A: 46.7 mm; p = 0.041) and no spondylolisthesis (n=52)
(C:23.4 mm £8.0 mm; p = 0.007 & A: 45.3 mm £9.9mm; p =
0.019). Tandem spondylolisthesis was associated with
increased pelvic tilt  (27°%11°) vs.  single-level
spondylolisthesis  (21°+11°; p = 0.002) and no
spondylolisthesis (17°£12°; p <0.001). Pelvic incidence was
increased in subjects with tandem spondylolisthesis
(65°£19°; p = 0.001) and single-level spondylolisthesis
(61°£23°; p = 0.026) compared to patients with no
spondylolisthesis (54°+25°). Tandem spondylolisthesis was
also associated with increased pelvic incidence-lumbar
lordosis mismatch (18°£16°) VvS. single-level
spondylolisthesis (7°+13°; p<0.001) vs. no spondylolisthesis
(11°£19°; p = 0.059). There were no significant differences
for the tandem spondylosis group in lumbar lordosis angle, sacral slope, or sagittal vertical axis angle (p>0.1). Single level
spondylolisthesis was associated with increased lumbar lordosis (52°+17° vs. 43°+20°; p = 0.003) compared to patients with no
spondylolisthesis.

DISCUSSION: Tandem spondylolisthesis is associated with a more ventrally positioned psoas muscle which poses a danger in
trans-psoas approaches to the lumbar spine. Careful pre-operative planning with attention to the psoas position for lateral
interbody fusion candidates is recommended.

1. Kepler, C. K., Bogner, E. A., Herzog, R. J., & Huang, R. C. (2011). Anatomy of the psoas muscle and lumbar plexus with
respect to the surgical approach for lateral transpsoas interbody fusion. European spine journal : official publication of the
European Spine Society, the European Spinal Deformity Society, and the European Section of the Cervical Spine
Research Society, 20(4), 550-556. https://doi.org/10.1007/s00586-010-1593-5

2. Tanida, S., Fujibayashi, S., Otsuki, B., Masamoto, K., & Matsuda, S. (2017). Influence of spinopelvic alignment and
morphology on deviation in the course of the psoas major muscle. Journal of orthopaedic science : official journal of the
Japanese Orthopaedic Association, 22(6), 1001-1008. https://doi.org/10.1016/j.jos.2017.08.002

3. Voyadzis, J. M., Felbaum, D., & Rhee, J. (2014). The rising psoas sign: an analysis of preoperative imaging characteristics
of aborted minimally invasive lateral interbody fusions at L4-5. Journal of neurosurgery. Spine, 20(5), 531-537.
https://doi.org/10.3171/2014.1.SPINE13153
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Introduction: Durable outcome for degenerative spondylolisthesis (DS) often requires decompression and fusion. Fusion,
however, places greater stress at adjacent levels that can lead to progressive adjacent segment disease. A novel interspinous
tension band is proposed for segmental stabilization after decompression for DS, as an alternative to fusion. An FDA IDE study
(NCT03115983) compares decompression and stabilization with the paraspinous tension band (PTB, treatment group) to
decompression and instrumented fusion (control group) for symptomatic DS.

Methods: Prospectively enrolled IDE study subjects with 24 months postoperative radiographic follow-up were included in this
analysis. X-rays obtained during the follow-up period for both the treatment (n=75) and control (n=52) groups were reviewed by
an independent Core Laboratory for flexion/extension range of motion (ROM) and translation at the index, supradjacent and
subjacent levels. Enrolled patients reported clinical outcomes (VAS back/leg, ODI) at baseline, 6 weeks, 3, 6, 12 months, and 24
months. Clinical success was defined as an ODI improvement of 15 points. Paired t-test was used to assess differences in
outcomes.

Results: For the PTB group, pre-op to 24-month post-operative ROM was reduced 33% (p<0.01) and translation was reduced
29% (p<0.01). The fusion group as expected showed a significantly greater decrease in ROM (68%, p<0.01) and translation (77%,
p<0.01) at the index level. Neither group had a statistically significant change in ROM/translation at supradjacent and subjacent
levels. When assessing lumbar segmental range of motion at 24 months, adjacent segments accounted for 73% of motion in the
treatment group and 87% in the control group. The patient reported outcomes were strong in both the PTB (mean VAS leg
improvement 56.1, mean VAS back improvement 47.1, mean ODI improvement 39.4) and fusion (mean VAS leg improvement
51.0, mean VAS back improvement 57.4, mean ODI improvement 31.9) patients with no significant difference between
groups. Clinical success, defined by ODI improvement of 15 points, was achieved in 88% in the PTB cohort and 76% in the fusion
cohort, with no significant difference between groups.

Conclusion: Unlike fusion, PTB for DS maintained both stability and the anatomic range of motion and translation at the index
levels out to 24 months. This maintained motion could lead to less progressive adjacent segment disease when DS is treated
with PTB as opposed to fusion. The patient-reported clinical outcomes at 24 months post-operatively were similarly strong for
both groups. These results should be confirmed with a longer follow-up including clinical outcomes in propensity score-matched
patients.
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Introduction: Degenerative lumbar spondylolisthesis (DLS) is a debilitating condition associated with poor preoperative
functional status. Surgical intervention has been shown to improve outcomes in this population though the nature of the most
appropriate surgical intervention is controversial. The importance of maintaining and/or improving sagittal and pelvic spinal
balance parameters has faced increasing emphasis in the DLS surgical population. However, little is known about the radiographic
parameters most associated with improved functional outcomes among patients undergoing surgery for DLS. Thus, the objective
of this study was to identify the radiographic parameters that correlate with functional outcomes after DLS surgery.

Methods: Retrospective analysis of the prospectively collected cohort of consecutively enrolled patients in the Canadian Spine
Outcomes and Research Network (CSORN) database was performed. All enrolled study patients had a DLS diagnosis and
underwent decompression in isolation or with posterolateral or interbody fusion. Patients reported their baseline and one-year
post-operative leg and back pain on a 10-point logarithmic scale of severity in addition to completing the Oswestry Disability Index
(ODI). Furthermore, multiple global and regional alignment parameters were documented at baseline and one-year postoperative
including sagittal vertical axis (SVA), pelvic incidence (Pl) and lumbar lordosis (LL).

Results: Two-hundred forty-one patients were available for analysis. Among participants, the mean age was 66 with 63%
(152/241) female and a primary surgical indication of neurogenic claudication in 188/241 (78%) of patients. By Pearson correlation
coefficient, worsened PI-LL mismatch >9cm was correlated with increased one-year postoperative ODI (.134, p=0.05), leg pain
(.143, p=0.05) and back pain (0.189, p=0.01). A multiple linear regression was performed adjusting for baseline patient age, BMI,
gender and preoperative presence of depression. From this regression analysis, worsening of a PI-LL mismatch was associated
with a higher one-year postoperative ODI score R? 0.179 (95% CI 0.080, 0.415, p=0.004), back pain R?0.152 (95% CI 0.021,
0.070, p <0.001) and leg pain R? 0.059 (95% CI 0.008, 0.066, p=0.014) score. Likewise, reduction of LL was associated with a
higher ODI score R? 0.168 (-0.387, -0.024, p=0.027) and back pain R?0.135 (95% CI -0.064, -0.010, p=0.007). Interestingly,
worsened SVA >5cm was not statistically significant for worse one-year post-operative ODI, leg pain nor back pain scores.

Discussion: In our longitudinal multi-centre cohort study worsening of sagittal balance and loss of lumbar lordosis with lumbar
degenerative spondylolisthesis correlates with worse postoperative outcomes. Accordingly, preoperative emphasis on regional
and global spinal alignment parameters must be considered in order to optimize surgical procedure indication and functional
outcome in lumbar degenerative spondylolisthesis treatment.
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Introduction

Lumbar facet arthroplasty is a method of dynamic stabilization used to treat Grade 1 spondylolisthesis with stenosis. There are
currently no FDA-approved devices for facet arthroplasty. The purpose of the present study is to report the 1-year clinical and
radiographic outcomes as well as safety profile of patients who underwent lumbar facet arthroplasty via implantation of the TOPS
device as part of a prospective Investigational Device Exemption (IDE) trial.

Methods

We reviewed the prospectively collected clinical and radiographic outcomes of patients who underwent facet arthroplasty via
implantation of the TOPS device in the investigational arm of a multicenter, prospective, randomized, controlled Food and Drug
Administration (FDA) IDE trial. Standard demographic information was collected for each patient, including surgical variables.
Radiographic parameters and patient reported outcome measures (PROMs) including ODI, VAS back and leg, and ZCQ were
assessed preoperatively and at 6 weeks, 3 months, 6 months, and 12 months postoperatively. Adverse event, complication, and
reoperation data were also collected for each patient.

Results

At the time of this study, 153 patients had undergone implantation of the TOPS device as part of this ongoing clinical trial and
were included in this study. The mean surgical time was 187.8 minutes and mean estimated blood loss was 205.7cc. The mean
length of hospital stay was 3.0 days. Mean ODI, VAS leg and back, and ZCQ scores improved significantly at all postoperative
time points (P>0.001). Greater than 79% of patients achieved MCID in all patient reported outcome measures at all postoperative
time points. There were no clinically significant changes in radiographic parameters, and all operative segments remained mobile
at 1-year follow-up without evidence of worsening sagittal translation. Postoperative complications occurred in 11 patients out of
the 153 patients (7.2%) who underwent implantation of the TOPS device, including two new neurological deficits, two dural tears,
two retained drains, one misplaced pedicle screw, one screw loosening, one infection, one seroma, and one hematoma. Nine
patients (5.9%) underwent a total of 13 reoperations, eight for surgical complications (5.3%) and one (0.6%) of which was for
device-related failure due to bilateral L4 pedicle screw loosening.

Discussion

Lumbar facet arthroplasty with the TOPS device demonstrated a statistically significant improvement in all PROMs and the ability
to maintain motion at the index level while limiting sagittal translation with a low complication rate. The complication rates and
improved postoperative PROMs are similar to those reported in the literature following single-level TLIF.




Table 2: Surgical Variables n=153

Time in Surgery (mins) 187.8262.4
Length of Stay (days) 3041
EBL (cc) 205.7 1543
Estimated Blood Loss

<100 cc 28 (18.3%)
100 - <250 cc 75 (49.0%)
250 - <400 cc 31(20.3%)
>=400 cc 19 (12.4%)

Abbreviations: Estimated Blood Loss (EBL)

Continuous variables are displayed as mean + standard
deviation. Categorical variables are displayed as number
(percent).
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INTRODUCTION: Cell therapies have potential to slow the progression of painful intervertebral disc (IVD) degeneration," which
costs $134.5 billion in domestic healthcare spending.? To support cell-mediated healing, injectable cell delivery biomaterials may
be used as a platform to retain cells in the IVD.® Engineering annulus fibrosus (AF) cell delivery biomaterials is challenging
because of the need to balance biomechanical and biological performance.* To overcome this challenge, we developed a novel
composite biomaterial for AF repair. It uses cell-laden, degradable oxidized alginate (OxAlg) microbeads (MBs) to deliver AF cells
within high-modulus genipin-crosslinked fibrin (FibGen) hydrogels (FibGen+MB composites). This study evaluates the long-term
biomechanical and biological performance of FibGen+MB composites in an ex vivo bovine organ culture model.

METHODS: Intact, Injury and Repair IVDs [N=5-6 per group] were for cultured for 42 days using a custom Loading system for
Disc Organ Culture (LODOC),® which simulates physiologic loading (Fig. 1A). Herniation risk [Gross morphology & Histology],
disc height changes [X-rays & LODOC] and stiffness [LODOC] were measured to assess biomechanical repair. Biological repair
was assessed using culture viability [Nitric oxide], cell tracking [PKH67] and extracellular matrix (ECM) synthesis [Alcian blue,
Picrosirius red and Collagen I]. Two-way ANOVA with Bonferroni [Biomechanics & Nitric Oxide] and one-way ANOVA with Tukey’s
post-hoc [Disc Height Change] tests found significant differences (p<0.05).

RESULTS: Morphological and histological assessments showed that
composites remained within defects at culture day (D) 42 with high
adhesion, suggesting FibGen+MB composites have very low herniation
risk under cyclic compressive loading (Fig. 1B). Repair IVDs had
significantly less disc height loss when compared to Injury IVDs, and no
differences between Intact and Repair IVDs were detected (Fig. 1C).
Repair also prevented injury-induced IVD stiffening at D7, but by D42
there were no significant differences between groups (Fig. 1D). This is
likely due to mechanical compaction in all groups from approximately
96,000 loading cycles over the 42-day culture. All IVDs remained viable
with constant, low nitric oxide levels throughout culture (Fig. 1E).
Delivered AF cells were present within the degraded OxAlg MB space
of composites at D42, suggesting successful cell delivery and retention
(Fig. 1F). Delivered AF cells synthesized ECM as OxAlg MBs degraded
within FibGen+MB composites, as shown by positive staining for Alcian
blue, picrosirius red and collagen | in the interstitial space between cells
(Fig. 1G).

DISCUSSION: FibGen+MB composites restored IVD height and
improved the biomechanical properties of injured IVDs, while delivering
AF cells capable of ECM synthesis. FibGen+MB composites did not
herniate after approximately 96,000 cycles of compression in situ,
which is a very rigorous challenge for an experimental IVD repair
biomaterial.® Importantly, composites also restored disc height loss to
intact levels, which is one of the most sensitive measurements of IVD
repair.” Lastly, delivered AF cells synthesized ECM within composites,
suggesting this composite strategy shows promise for long-term tissue synthesis and IVD repair. Overall, we demonstrated a
proof-of-concept for this composite repair strategy as a next-generation AF repair method that balances biomechanical and
biological repair.
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INTRODUCTION Modic type 1 changes (MC1) are an inflammation of the vertebral bone marrow and an independent source of
low back pain. Two etiologies have been described: (i) an autoinflammatory reaction of the bone marrow against disc cells and
matrix and (ii) infection of the disc with bacteria, mainly with Cutibacterium acnes (C. acnes). The different etiologies require
different treatments. Therefore, we need to be able to diagnostically distinguish the two etiologies and understand the etiology-
specific pathomechanisms. The aim of this study was to identify etiology-specific pathomechanisms that could serve as basis for
etiology-specific biomarkers.

METHODS This study was approved by the local Ethics Commission and performed in accordance with the Declaration of
Helsinki. Bone marrow aspirates were obtained from MC1 patients undergoing spinal fusion. Aspirates were taken prior to screw
insertion through the pedicle screw trajectory. From each patient, a MC1 and an intra-patient control aspiration from the adjacent
vertebral level was collected in K2-EDTA tubes. Plasma and cell fraction were separated and collected by centrifugation. Plasma
(n=12+12) was analyzed for interleukin-1B (IL-18), granulocyte-macrophage colony-stimulating factor (GM-CSF), epithelial-
derived neutrophil-activating peptide 78 (ENA-78), tumor necrosis factor alpha (TNF-a), colony stimulating factor 1 (M-CSF),
chemokine C-C motif ligand 2 (CCL2), interleukin-4 (IL-4), IL-6, IL-8, and IL-13 using MesoScale U-Plex. Different cytokine profiles
were identified with Uniform-Manifold-Approximation-Projection (UMAP) analysis. Protein concentrations between two clusters
were compared with t-tests. Neutrophils (n=8+8) were isolated from the cell fraction (StemCell neutrophile kit), RNA isolated
(Qiagen RNeasy Kit) and sequenced (Novaseq). Differentially expressed genes (DEG; p-value < 0.01, log2fc > £ 0.5) in MC1
were compared to control bone marrow and analyzed with gene ontology (GO) enrichment in R (GOseq). Discs adjacent to MC1
(n=8) were tested with anaerobic bacterial culture and 16S gPCR for the presence of C. acnes.

RESULTS UMAP dimensionality reduction identified two
cytokine clusters (Figure a). IVDs of patients in cluster 2
had higher C. acnes genome copies (n = 6, median =
2848 copies/g) than IVDs in cluster 2 (n = 2, median =
351 copies/g) (Figure b). This suggests that patients of
cluster 1 have an autoinflammatory etiology and patients
of cluster 2 an infectious etiology. There was no
difference in cytokine concentrations between MC1 and
control. However, when stratifying by clusters, IL-8, ENA-
78, M-CSF, and IL-1B were significantly higher in cluster
2 than in cluster 1 (Figure c). Since IL-8 and ENA-78 are
potent neutrophil chemoattractants and activators, we
compared the neutrophile transcriptome in MC1 bone
marrow of cluster 1 and 2. Only 15 DEGs overlapped
between cluster 1 (185 DEG) and cluster 2 (165 DEG)
suggesting different pathomechanisms (Figure d). Six of
the top 12 enriched biological processes in cluster 2
related to bacterial defense response. None of them were
present in cluster 1.

DISCUSSION Autoinflammatory (cluster 1) and infectious etiologies (cluster 2) of MC1 have different cytokine profiles and
neutrophile activation profiles indicating different pathomechanisms. It is clinically relevant to be able to distinguish the two
etiologies, because different pathomechanisms require different treatments.
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Introduction: Low back pain (LBP) is associated with intervertebral disc (IVD) degeneration, however there is still poor
understanding of the exact relationship between IVD degeneration and LBP [1]. The development of degenerative changes over
time for individuals, as well as for specific spinal motion segments, is difficult to predict and more knowledge is needed.
Discography has been demonstrated to accelerate degenerative changes in injected IVDs [2]. Even if discography today is rarely
used, long-term follow up of individuals previously obtaining discography can serve as an in-vivo human model for other annular
injuries and might thus provide information regarding the association between annular injury and the degenerative process.

The aim of the current study was to investigate the longitudinal MRI appearance in LBP patients, in whom discography had been
performed as diagnostic guidance.

Methods: 30 LBP patients, prospectively enrolled year 2007-2010 in a comparative discography-MRI study (1.5T, sagittal T2/T1-
weighted) were asked to participate in this long-term follow-up. The reason for discography at inclusion was LBP (>6 months),
severe enough to consider surgery. Those accepting to participate in the follow-up performed MRI of the lumbar spine during year
2021. The MRIs were evaluated, blinded, according to Pfirrmann classification, Endplate Classification Score (EPS) and HIZ for
6 IVD’s per individual at baseline and follow-up (Th12/L1- L5/S1). At baseline discography of 2-4 discs in each individual had
been performed and data on which discs that had been injected or not were used here.

Results: 17 patients (6 male/mean
58.5 years;range 49-72), accepted
participation, at this 11-14 year follow-
up. Reasons for not participating were;
2 deceased, 5 unreachable, 1 had
obtained a non-MR compatible device
and 5 declined participation. Between
baseline and follow-up, 10 (27 IVDs) of
the 17 included patients had
undergone fusion surgery. These
fused IVD segments omitted adequate
longitudinal evaluation and were
therefore excluded. Out of the 75 non-
fused IVDs, 30 were injected (discography) at baseline. Comparing groups of injected and non-injected IVDs significant
differences were found at both baseline and follow-up regarding Pfirrmann grade and HIZ, and at follow-up also for EPS, with
higher degeneration grade respectively EPS for injected IVDs (Table 1). However, in terms of morphological changes over time,
no significant differences between the groups of injected and non-injected IVD’s were detected (Table 1).

Discussion: When comparing discography-injected and non-injected
IVDs over more than 10 years, no significant differences in progression of
degenerative changes between the groups were detected, with
reservation for inherent limitations being a case study. This long-term
follow-up could thus not confirm previous findings that a needle-puncture
of the disc (annular injury) induce excessive degenerative progression of
the IVD. This study highlights how sometimes surprisingly little progress
of degenerative changes, on an individual level, may be seen over a
decade in spite of needle puncture and chronic LBP (Figure 1). The
findings support the concept of high complexity regarding annular injury
and the progression of disc degeneration and suggest that other factors
than limited annular injuries may be of larger importance in development
of spinal degeneration.
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Background. The identification of evidence-based interventions for rehabilitation for persons with non-specific low back pain
(LBP) is a crucial step for the development of the World Health Organization’s (WHQO) Package of Interventions for Rehabilitation
(PIR). Our objective was to conduct a systematic review of clinical practice guidelines (CPGs) about the management of persons
with non-specific LBP with and without radiculopathy and synthesize the recommendations to inform the WHO PIR.

Methods. This paper is part of a “Best Evidence for Rehabilitation” (be4rehab) series, developed according to the methodology
by the WHO Rehabilitation Program and Cochrane Rehabilitation under the guidance of WHO’s Guideline Review Committee
Secretariat. Eligible guidelines were published between 2009 and 2019 in English, French, Italian, or Swedish; included adults
or children with non-specific LBP with or without radiculopathy; assessed the benefits of interventions for rehabilitation on
functioning. We searched electronic databases (MEDLINE, EMBASE, CINAHL, the Canadian Medical Association CPG Infobase,
International Guidelines Network, and American College of Physicians Clinical Guidelines and Recommendations) and the grey
literature from January 1, 2009 to March 17, 2019. Pairs of independent reviewers assessed the quality of the CPGs using AGREE
Il. Relevant data were extracted, and the findings were synthesized narratively.

Results: Our search yielded 3,049 articles. We removed 236 duplicates and screened 2,813 articles. Of those, 12 CPGs were
eligible for critical appraisal and 4 CPGs fulfilled the quality criteria and were included in our synthesis. One of the included
guidelines was about the conservative treatment of LBP and sciatica inpatients 216 years of age, one was about manual therapy
and other rehabilitation treatments for adults (= 18 years) with LBP, one included interventional therapies, surgery and
interdisciplinary rehabilitation for adults with LBP, and the last included pharmacological, educational and rehabilitation treatments
for adults with acute and chronic LBP. Recommended interventions included: 1) education about recovery expectations, self-
management strategies, and continuance of usual activities; 2) multimodal approaches incorporating education, exercise and
spinal manipulation; 3) NSAIDs in the acute stage with education; and 4) for those with persistent pain, intensive interdisciplinary
rehabilitation based on exercise with a cognitive/behavioral approach.

Discussion: Many CPGs for LBP are available, but their quality varies. According to our systematic search and evaluation, most
of the retrieved CPGs didn’t fulfil the minimum quality criteria to be included in the present review and there is a lack of high-
quality clinical practice guidelines for people below 18 years. Our review summarizes recommendations from high-quality CPGs
for the rehabilitation of adults with LBP with or without radiculopathy. Overall, the recommendations highlight the benefits of
education, exercise and multimodal care that includes manual therapies. However, the use of most passive modalities is not
recommended. The collected recommendations were consistent among the guidelines. Implementation strategies are needed to
implement the recommendations and evaluation of these strategies to see if there’s improvement in patients’ outcomes and costs.
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INTRODUCTION: A concern expressed about lumbar total disc replacement (TDR) has been safety. One measure of safety is
the need for subsequent surgery for implant removal or revision. This may be of particular importance considering TDR
removal/revision generally requires re-operation through the anterior approach with the corresponding increased risk of vascular
injury. The purpose of this study was to analyze the incidence of, and reasons for, lumbar TDR removal/revision.

METHODS: Data were collected from a multi-site spine specialty practice. A consecutive series of 1,775 lumbar TDR patients,
beginning with the first case experience in 2000, was reviewed to identify those undergoing re-operation for TDR removal or
revision. Only patients who were at least 2 years postoperative were included. Contact by mail and/or telephone phone calls to
collect current data was conducted for patients who did not have a recent office visit. The mean follow-up was 85.9 months with
a median of 73 months and maximum of 251 months. For each case of device removal/revision, the reason, duration from index
surgery, and procedure performed were recorded.

RESULTS: In the series of 1,775 patients, 26 (1.46%) underwent TDR removal or revision. Removal was performed in 23 patients
(1.29%) and 3 patients underwent TDR revision (0.17%). Based on the total number of 2,082 TDRs implanted in the 1,775 patients,
rates of removals and revisions were 1.15% and 0.14%, respectively. Removals included: 10 for migration and/or loosening, 3
developed problems after a trauma, 3 had ongoing pain, 2 developed lymphocytic reaction to device materials, and there was one
each of: TDR was too large and replaced with smaller device, vertebral body fractures (osteoporosis), developed a lytic lesion,
device subsidence and facet arthrosis, and infection seeded from a chest infection at 146 month post-TDR. The 3 revisions were:
Repositioning the core (technique error), repositioning device after displacement, and core replacement due to wear/failure. With
respect to timing, 34.6% of removals/revisions occurred within one month after the index implantation. Of note, 42.3% of
revisions/removals occurred in the first 25 TDR cases performed by individual surgeons. Vascular complication during TDR
removal occurred in one patient with an iliac vein tear whose TDR was removed due to trauma including spinal
fracture. Removal/revision status was verified by office visit or mailing/telephone in 227 patients with a minimum of 15-year follow-
up data. Only one patient underwent removal/revision surgery more than 15 years post-TDR. This was the patient who underwent
TDR removal due to trauma-related spinal fracture.

DISCUSSION: In this large consecutive patient series, 1.5% of lumbar TDRs were removed/revised. Only one revision was related
to device failure or wear. Many of the removals/revisions were performed within a month of implantation. Also of note, many
occurred within the first 25 TDR cases for individual surgeons, suggesting a learning curve. The low rate of removal/revision in
this large institutional experience over a 20 year period provides support for the safety of these devices.
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Introduction Lumbar Spinal Stenosis (LSS) and Chronic Low Back Pain (CLBP) are two serious conditions affecting the lumbar
spine, both often resulting in significant pain, decreased function, and poor treatment outcomes. There is growing consensus
that plasma biomarkers could become clinically useful to better understand and treat these conditions. Nonetheless, the
literature on plasma proteomics for these two conditions is lacking, and so is the understanding of what could be common
pathways and shared contributing factors. This pilot comparative study used plasma proteomics analysis on two independent
populations (one with LSS and one with CLBP) to explore significant similarities and differences in circulatory proteins.

Methods Two independent sample cohorts were used (LSS; n=259 and CLBP; n=186) to select high clinically severe (HCS)
subjects to compare against the less clinically severe (LCS) subjects. The comparison was done among the 2 groups within each
cohort, and significant results were then compared between cohorts to highlight possible common proteins. Subjects were chosen
based on VAS and ODI score

In the LSS population, participants in the LCS group (n=10) had a mean pain score (VAS) of 1.2 and Oswestry Disability Index
(ODI) of 17.4. The HCS group (n=10) consisted of subjects with mean VAS=8.4 and ODI= 57.8. For the CLBP population,
participants in the LCS group (n=18) had a mean pain score of 2.7 and an ODI mean of 13.6, while those in the HCS group (n=19)
had a mean pain score of 7.7 and ODI mean of 49.4.

Differential Mass Spectrometry was performed on collected plasma. 385 plasma proteins were detected and quantified and
compared between the two groups of the LSS population, while 377 proteins were quantified and compared between the two
groups of the CLBP population. The relative abundance of these proteins was assessed using student’s t-test (Log2 transformed)
with a p-value cut-off of 0.02.

Results In the LSS samples, 11 plasma proteins were significantly elevated in the HCS group. In the CLBP sample, 31 plasma
proteins were significantly elevated and 2 were significantly decreased in the HCS group. The only protein that was found to be
significantly different in both populations (LSS and CLBP) was Factor 5 (F5), which was increased in the HCS group for both
cohorts.

Discussion Our finding is thought-provoking and unexpected. Interestingly, in addition to its role in the coagulation system, F5 is
implicated in platelet degranulation, which is known to play a role in inflammatory responses and immune modulation. While there
is an established body of evidence highlighting the relevance of inflammation in CLBP and LSS, research on F5 as an inflammatory
mediator in these two conditions is lacking.

In conclusion, our study highlights a possible novel area of research to explore the potential role of F5 in LSS and CLBP both as
a biomarker for clinical severity and as a potential shared mechanism. Confirming the finding in larger cohorts and in association
with other mediators of inflammation will be important to determine the significance of this finding.
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INTRODUCTION MRI-based characterization of paraspinal muscle (PSM) composition by quantifying fat infiltration (FI) is a
popular approach for assessing muscle quality for spine conditions. However, the relationship between PSM Fl and chronic low
back pain (cLBP) is not straightforward. Inconsistencies in associations among clinical studies are most notably due to the natural
degenerative cascade as a result of aging. Despite advances in quantifying PSM Fl and degenerative intervertebral disc (IVD)
pathology, their mechanistic structure-function relationship in cLBP remains poorly understood. PSM FIl is most commonly
quantified using conventional summary measurements of overall mean FI% within a muscle cross-sectional area or volumetric
region. However, summary measurements for PSM Fl lack granularity as they do not capture specific locations of fat accumulation
in the muscle. Identifying specific spatial patterns of muscle FI may better reflect the complex morphology and biomechanical
function both between and within individual PSMs, most notably for multifidus (MF). We hypothesized that PSM fat-mapping would
reveal distinct FI distribution patterns in relation to cLBP symptoms and proximity to symptomatic IVD degeneration.

METHODS From advanced-sequence water-fat MRI of 40 axial cLBP patients and 21 controls, we examined the spatial
distribution of PSM FI in relation to the center of rotation at the L4L5 disc. Cartilage endplate pathology (CEP) was measured
based on presence and absence of defects in the cartilage using high-resolution 3D ultrashort echo time. Modic changes (MC)
were graded using T1 and T2 standard clinical sequences. Disc degeneration was scored using Pfirrmann Grade (PG). Using
statistical parametric mapping (SPM) t-tests, we compared Fl patterns for Multifidus (MF), Erector Spinae (ES), and Psoas
between patients and controls, and to the presence and severity of adjacent degenerative IVD pathology.

RESULTS The spatial distribution of PSM FI differs
between PSMs and according to symptoms and the
adjacent degenerative IVD pathology. We identified
specific regions with higher FI% in patients versus
controls, specifically in the deep MF and intermediate to
superficial Psoas (p<.05-p<.001) but not in the ES. There
was also a significant difference in F1% distribution related
to degenerative IVD pathology (CEP, PG, MC)
concentrated in the deep to intermediate regions of the
MF (p<.05-p<.001) and the intermediate to superficial
regions of the ES (p<.05-p<.001) and Psoas (p<0.05-
p<0.001). The location and magnitude of the global peak
in Fl differed between PSMs (Figure 1; Left). The
magnitude of the global peak in MF FI was 6.5 percent
points higher for patients (49.3%+12.8%) compared to
controls (42.8%+14.8%). Furthermore, the region of MF
closest to the disc center of rotation appears most
susceptible to FI in the presence of symptomatic IVD
degeneration (Figure 1).

DISCUSSION Our study identified spatial distribution
patterns of Fl in the PSMs, particularly in the deep regions
of the MF, as a potential diagnostic biomarker that may
also provide granular mechanistic insights into spine
biomechanics related to cLBP, as well as advancing the
use of prior summary measures limited to overall muscle
Fl.
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Introduction. The scientific study of sarcopenia gained high attention in recent years and is nowadays one of the most discussed
issues in the field of the health of ageing subjects. Imaging studies about sarcopenia and its relationship with spinal disorders
require the segmentation of the muscles in the images, which is very labour-intensive if performed manually and poses a practical
limit to the number of investigated subjects. This study aimed at developing a deep learning-based tool able to fully automatically
perform an accurate segmentation of the lumbar muscles in axial MRI scans, and at validating the new tool on an external dataset
of prospectively acquired images of a group of healthy volunteers.

Methods. A set of 60 axial MRI images of the lumbar spine was retrospectively collected from a clinical database. Psoas major,
quadratus lumborum, erector spinae, and multifidus were manually segmented by an expert operator in all available slices, using
a published method as a reference. The dataset was used to train and validate a deep neural network able to segment muscles
automatically, with an architecture derived from the U-Net and incorporating several modifications. Subsequently, the network
was externally validated on images purposely acquired from 22 healthy volunteers.

Results. The neural network provided excellent outputs from a qualitative point of view when employed on the external validation
set (Figure). A three-dimensional reconstruction of the shape of the paravertebral muscles showed realistic anatomies from a
perceptual point of view, with smooth surfaces and limited artefacts (Figure). The Jaccard index for the individual paravertebral
muscles calculated for the 22 subjects of the external validation set ranged between 0.862 and 0.935 with respect to the manual
segmentations performed by an expert operator, demonstrating a generally excellent performance of the network. Cross-sectional
area and fat fraction of the muscles were in agreement with published data; the male subjects showed generally higher cross-
sectional areas of all muscles with respect to females, while the fat fraction was larger in females than in males and generally
increased with age.

Conclusions. The externally validated deep neural network was able to perform the segmentation of the paravertebral muscles
in axial MRI scans in an accurate and fully automated manner, and is therefore a suitable tool to perform large-scale studies in
the field of spinal disorders and sarcopenia, overcoming the limitations of non-automated methods.

Figure caption. Exemplary segmentations performed on axial T2-weighted slices of the lumbar spine showing the relative
Jaccard index (“loU”) (top). Exemplary three-dimensional reconstructions of the paravertebral muscles of two healthy volunteers
(bottom).
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Introduction: Increased age is a well-established risk factor for perioperative complications. Using age, however, may lead to
crude generalizations given that patients present with varying degrees of comorbidities, cognition, and physical capabilities across
all ages. Frailty, alternatively, utilizes a wide array of physical and mental assessments and better reflects physiological age than
chronological age. With such a large proportion of lumbar fusions indicated for degenerative disorders amongst geriatric patients,
it is important to stratify risk using an indicator that incorporates both age and functional capacity rather than using age alone.
Despite the high incidence of degenerative spine conditions in elderly patients, efforts to better understand the impact of frailty in
spine surgery have only recently emerged. To address this paucity within the literature, this study evaluates the impact of frailty
status on postoperative complications in patients undergoing multi-level lumbar fusions.

Methods: The Nationwide Readmission Database (NRD) was retrospectively queried between 2016 and 2017 for patients
receiving multi-level lumbar fusions. Demographics, frailty status, and relevant complications were queried at index admission
and readmission intervals. Nearest-neighbor propensity score matching 1:1 cohorts was implemented to identify 3,544 patients in
each frail and non-frail cohorts with similar demographic characteristics, diagnoses, and procedures. Patients under age 65, with
spinal neoplasms, or spinal trauma were excluded. Primary outcome measures included perioperative complications and 30-, 90,
and 180-day complication and readmission rates. Perioperative complications of interest were infection, urinary tract infection
(UTI), and posthemorrhagic anemia and only pertain to complications occurring between index procedure and discharge.
Complications assessed at 30- and 90-days included infection, acute kidney failure (AKI), thromboembolism, wound dehiscence,
hardware failure, neurological injury, and mortality. At 180-days, complications of interest were hardware failure and mortality.
Secondary outcome measures included inpatient length of stay (LOS), adjusted all-payer costs, and discharge disposition. The
analysis used nonparametric Mann-Whitney U testing and odds ratios.

Results: Frail patients encountered higher rates of perioperative complications including posthemorrhagic anemia (OR: 1.73,
95%Cl: 1.50-2.00, p<0.0001), infection (OR: 2.94, 95%CI: 2.04-4.36, p<0.0001), UTI (OR: 2.57, 95%ClI: 2.04-3.26, p<0.0001),
and higher rates of non-routine discharge (OR: 2.07, 95%CI: 1.80-2.38, p<0.0001). Frail patients had significantly greater LOS
and total all-payer inpatient costs compared to non-frail patients (p<0.0001). Frailty was associated with significantly higher rates
of 90-day (OR: 1.43, 95%Cl: 1.18-1.74, p=0.0003) and 180-day (OR: 1.28, 95%ClI: 1.03-1.60, p=0.02) readmissions and higher
rates of wound dehiscence at 90 days (OR: 2.21, 95%Cl: 1.17-4.44, p=0.02).

Discussion: Patient frailty status functions as a meaningful, independent predictor of postoperative outcomes in patients
undergoing multi-level lumbar fusion. The present study observed significantly increased rates of all perioperative complications
in frail patients. Frail patients were also significantly more likely to be readmitted at 90- and 180-days and demonstrated higher
rates of wound dehiscence at 90-day readmission. Finally, frailty was associated with significantly greater LOS, total all-payer
inpatient costs, and non-routine discharges. These findings highlight the importance of frailty status, particularly in multi-level
lumbar fusions, and provide implications for its substantive role in determining surgical candidacy, perioperative management,
and postoperative follow-up planning.
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Introduction: Several studies have shown high patient satisfaction associated with telemedicine during the COVID-19 peak
pandemic period as well as after easing of restrictions. As this technology will most likely continue to be employed, there is a need
to define appropriate utilization. Therefore, the objective of the current study were to obtain expert consensus on best practices
for appropriate telemedicine utilization in spine surgery.

Methods: An expert panel consisting of 27 spine surgeons from various countries was assembled in February 2021. A two-round
consensus-based Delphi method was used to generate consensus statements on various aspects of telemedicine (separated as
video visits or audio visits) including themes, such as patient location and impact of patient diagnosis, on assessment of new
patients. Topics with 275% agreement were categorized as having achieved a consensus.

Results: The expert panel reviewed a total of 59 statements. Of these, 32 achieved consensus. The panel had consensus that
video visits could be utilized regardless of patient location and that video visits are appropriate for evaluating as well as indicating
for surgery multiple common spine pathologies, such as lumbar stenosis, lumbar radiculopathy, and cervical radiculopathy. Finally,
the panel had consensus that video visits could be appropriate for a variety of visit types including early, mid-term, longer-term
post-operative follow-up, follow-up for imaging review, and follow-up after an intervention (i.e. physical therapy, injection).

Conclusions: This is the first study, to our knowledge, to provide expert consensus on best practices for appropriate telemedicine
utilization in spine surgery. To summarize, there was consensus that video-based telemedicine could be utilized regardless of
patient location, is sufficient for evaluation and indication of surgery for multiple common spine pathologies, such as lumbar
stenosis, lumbar radiculopathy, as well as cervical radiculopathy, and could be appropriate for various visit types. The results of
the current study help elaborate optimal conditions and criteria for implementation of telemedicine in the evaluation of patients
with spine conditions.



Figure 1: Summary of Select Consensus Statements
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Social Vulnerability is an Important Contributor to Racial Disparities in the Safety of Spine
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Introduction: People of color in the United States have an increased risk for delayed surgery, complications, readmissions, and
mortality following spine surgery. Social determinants of health represent the complex conditions of an individual's lived
environment, including the social structure and economic systems that affect health. The contribution of the Center for Disease
Control’'s community-level Social Vulnerability Index (SVI) as a social determinant of racial disparities in the safety of spine surgery
is unknown.

Methods: We performed a retrospective analysis of Medicare claims from 2015-2017 to identify racial differences in the rates of
mortality, readmission, and complications among patients undergoing spine surgery. We included fee-for-service beneficiaries
aged 65 or older with a hospital Diagnosis Related Group (DRG) code for spinal surgery as defined by Medicare, including cohorts
labeled as “cervical fusion”, “fusion, except cervical’, “anterior-posterior combined fusion”, “complex fusion”, and “back or neck
surgery, except fusion”. Our primary independent variable was race, which was coded as “black” (Black or African American),
“white” (white or Caucasian), and a combined “other” (includes other, Asian, Hispanic Ethnicity, and North American Native). The
SVI reflects community disadvantage at the U.S. Census Tract level in socioeconomic (poverty, work, education, income),
household composition and disability, minority and language, and housing and transportation domains. Logistic regression and
propensity-matched analyses adjusted for age, sex, comorbidities, and spine cohort were used to calculate the percentage of
disparities between black and white patients explained by SVI.

Results: A total of 209,137 eligible Medicare beneficiaries met inclusion criteria for this analysis. The majority of the population
(89.8%) was white, with 5.6% black. Unadjusted rates of surgical safety measures among black and white patients, respectively,
were 2.3% and 1.7% for mortality, 17.1% and 14.4% for readmission, 22.3% and 18.6% for complications without associated
readmission, and 27.2% and 25.1% for complications with readmission. Logistic regression and propensity-matched analyses
without factoring in SVI showed significantly increased rates of mortality, readmission, and complications in black patients
compared to white patients. Adding SVI into the models explained 9.4-28.6% of the difference in safety measures between black
and white patients, depending on the measure. Most notably, SVI explained 20.0-28.6% of the disparity in mortality rates between
black and white patients.

Discussion: Social vulnerability explains up to nearly 30% of the racial health disparities in safety measures between black and
white Medicare beneficiaries following spine surgery. This finding is consistent with an Institute of Medicine report that showed
socioeconomic status, racism, and culture each explain roughly one-third of disparities encountered in the United States. Focused
policies to support vulnerable communities may lead to a meaningful reduction in racial health disparities.

Figure 1: Unadjusted cumulative mortality rate following spine surgery among Medicare beneficiaries, by race.
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Introduction: Improved understanding of the pre and postoperative trends in costs and healthcare resource utilization (HCRU)
is needed to better inform patient expectations and aid in the development of strategies to minimize the significant healthcare
burden associated with lumbar spine surgery. The purpose of this study was to examine the time course of costs and HCRU
surrounding lumbar spine surgery in a national claims cohort.

Methods: Longitudinal analyses of adult patients undergoing elective primary single-level lumbar surgery for stenosis from the
IBM® Marketscan® Research Databases 2007—2015 were performed. Patients were required to have continuous health plan
enroliment 2 years pre- and postoperatively. Outcomes included monthly rates of HCRU (15 categories) and monthly gross
covered payments (2015 US dollars) overall, by HCRU category, and by whether they were spine versus non-spine-related. All
available patients were utilized for analysis of HCRU. For analysis of payments, patients on non-capitated health plans providing
accurate financial information were analyzed. Trends in payments and HCRU were plotted on a monthly basis pre- and post-
surgery and assessed with regression models. Relationships with demographics, surgical factors, and comorbidities were
assessed with repeated measures generalized estimating equations.

Results: The final cohort included
22,182 patients (age 5813 years, 48.9%
female). 27.1% of cases involved a
fusion. Payments rose steeply 6 months
prior to surgery, reaching a peak of
$1,402 ($634, $2,827) 1 month prior to
surgery (Figure 1). This was driven by an
increase in radiology, office visits, PT,
injections, prescription medications, ER
encounters, and inpatient admissions
(Figure 2). In the first month
postoperatively, payments achieved
levels lower than 5 months
preoperatively. The median monthly
payments continued to decline gradually
over the 2 years postoperatively primarily
due to a decrease in non-spine-related
payments. Most HCRU categories
remained elevated 2 years
postoperatively relative to 2 years
preoperatively; however, patients aged 4
years over the course of follow
up. Patients with a fusion component to
their surgeries had higher payments and
HCRU preoperatively, and this did not
resolve postoperatively. Variations in payments and HCRU were evident among plan types, with patients on employer-sponsored
supplemental Medicare coverage utilizing more inpatient, ER, and inpatient rehabilitation & skilled nursing facilities. Patients on
high-deductible plans had fewer payments and HCRU across all categories; however, we are unable to distinguish whether this
was due to using fewer services or due to payment out of pocket. By 2 years postoperatively, 54% of patients had lower median
monthly healthcare payments relative to 2 years preoperatively, and when looking at spine-related care, specifically, 68% had
lower payments

Discussion: This is the first study to characterize time trends in direct healthcare payments and HCRU over an extended period
preceding and following spine surgery. Despite patients aging 4 years over the course of longitudinal follow up, half lower overall
median monthly healthcare payments and nearly 7 in 10 had lower spine-related healthcare payments 2 years postoperatively
relative to 2 years preoperatively. Differences among plan types potentially highlight disparities in access to care and plan-related
financial mediators of patients’ healthcare resource utilization.
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Introduction: Lumbar spinal stenosis (LSS) is primarily a degenerative condition among older adults associated with narrowing
of the spinal canal affecting the neurovascular structures contained within. LSS is the most common diagnosis associated with
spine surgery in adults over 65 and the decision to undergo elective spine surgery may be the most consequential decision
patients with this condition make. The aim of this study was to examine patient-related factors that may affect surgical treatment
decision-making for LSS.

Methods: We used data from the Alberta Lumbar Spinal Stenosis Study, a prospective cohort study on prognostic factors and
outcomes in LSS, to investigate the association between baseline factors and subsequent spine surgery for LSS within two years.
Participants of the inception cohort, formed at the time of clinical imaging, completed a structured interview at baseline. Measures
included the Swiss Spinal Stenosis (SSS) Physical Function and Symptom Severity subscales, the Oswestry Disability Index
(ODI), the Health Utilities Index (HUI3) for health-related quality of life, number of comorbidities, and a series of questions on
participants’ beliefs about spine surgery benefits and risks, and satisfaction with prior care and continuing life with current
symptoms. Surgery was determined from self-report during interviews and administrative health data through two years of follow-
up. Data analysis included univariate and multivariable logistic regression.

Results: Of the 245 participants from the original cohort with the diagnosis of LSS, 225 (92%, mean age 65.6+11.7) were included
in the present study. Within two years of baseline interviews, 56 underwent spine surgery (mean age 63.9/SD 10.8) and 169 did
not (mean age 66.2/SD 11.9). In the univariate logistic regression analyses, the ODI, HUI3, SSS Physical Function and Symptom
Severity subscales, level of satisfaction with continuing life with current symptoms (negatively correlated), belief that surgery would
help their current condition, and satisfaction with prior care (negatively correlated) were all significantly associated with the
decision to undergo spine surgery within two years. In the multivariable analysis, the only factors that remained significantly
associated with the decision to undergo spine surgery were level of satisfaction with continuing life with current symptoms (7-point
ordinal scale) with a regression coefficient of -0.413 (-0.816, -0.01, p<0.001) and patients’ beliefs that surgery would help their
current condition (4-point ordinal scale) with a regression coefficient of 1.157 (0.693, 1.621, p=0.035).

Discussion: We found that patients’ level of dissatisfaction living with their current symptoms, and beliefs about the benefits of
surgery, were more predictive of the decision to undergo spine surgery for lumbar spinal stenosis than perceptions of the risks of
surgery, which were similarly high for both surgical and non-surgical groups, or level of LSS-related pain and disability, sex or
age. This finding emphasizes the importance of providing patients with evidence-informed, realistic expectations about surgical
outcomes.
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Introduction Open microdiscectomy (OM) is the current standard procedure to treat sciatica caused by lumbar disk herniation.
Percutaneous transforaminal endoscopic discectomy (PTED) is an alternative procedure which is performed under local
anesthesia. It is uncertain whether if PTED is non-inferior in treating sciatica compared to OM.

Methods A pragmatic, multicenter, non-inferiority, randomized controlled trial was conducted in which patients were randomized
between PTED or OM in a 1:1 ratio. Patients between 18-70 years of age with at least 6 weeks of excessive radiating pain were
recruited from 4 participating centers. The primary outcome is self-reported leg pain measured by the 0-100 Visual Analogue
Scale (VAS) with a non-inferiority margin of 5. Secondary outcomes include self-reported ODI, back pain, costs, QALYs, health-
related quality of life and self-perceived recovery. Outcomes were measured the day following surgery, at 2, 4, and 6 weeks, and
at 3, 6, 9, and 12, 24 months. Data were longitudinally analyzed according to the intention-to-treat principle.

Results A total of 613 were randomized
to either PTED (n=304) or OM (n=309). At
24 months, 92% of the patients had
follow-up data available. At 24 months,
the adjusted between group difference of
the VAS leg pain was 7.3 in favor of PTED
(17.0 £ 22.4 vs. 24.3 + 26.5). Back pain
was less in the PTED-group during the
first 12 months but showed no differences
at 24 months compared to the OM group.
All  other secondary patient-reported
outcomes such as the ODI, VAS quality of
life, SF-36 physical and mental
component summary, QALYs, self-
perceived recovery of symptoms and
satisfaction with treatment, showed small
but statistically more favorable results for
the PTED-group. Complications rates
appear similar between both groups,
while estimated perioperative blood loss
and length of hospital stay was smaller in
the PTED-group. Rate of repeated
surgery at 24 months was similar between
both groups.

Except for costs of the surgery itself, all
other costs were lower for PTED than OM.
Cost-effectiveness acceptability curves
indicated that the probability of PTED
being cost-effective compared with OM
was almost 100% for leg pain and QALYs,
regardless of the willingness-to-pay.

Discussion PTED is non-inferior to OM in

the treatment of sciatica at 24 months of

follow-up and clinical outcomes appear to

be more favorable for PTED albeit not

exceeding established
MCIDs.Furthermore, PTED is cost-effective compared to OM in treating sciatica. Therefore, based on these study results,
implementation of PTED as an invasive treatment option for sciatica is warranted.
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INTRODUCTION: Many patients with symptomatic lumbar degenerative disc disease (DDD) are affected at more than one level.
When non-operative treatment fails to provide adequate relief, multilevel surgery may be considered. Lumbar total disc
replacement (TDR) was introduced as an option to fusion. Some disc levels are not amenable to TDR and fusion is preferable at
that level. Hybrid surgery, involving TDR at one level and fusion at the adjacent segment, has been introduced as an option to
fusing multiple levels. The purpose of this study was to investigate the long-term clinical outcome of patients undergoing lumbar
hybrid surgery for treating symptomatic lumbar DDD at more than one level.

METHODS: A consecutive series of 296 patients undergoing lumbar hybrid surgery was identified beginning with the first case
experience in 2005. Operative data and clinical outcome data including visual analog scales (VAS) assessing back and leg pain
as well as Oswestry Disability Index (ODI) scores were recorded from charts and previous study records. Current data were
collected from charts, mailings, and telephone calls. Data on re-operations were also collected from charts and patient contact.
All patients were at least 2 years post-operative. The mean follow-up duration was 67.9 months with a maximum of 196 months.
A total of 647 levels were operated with TDR implanted in 319 levels and 328 levels undergoing either stand-alone ALIF or
combined anterior/posterior fusion. The most common combination for hybrid surgery was TDR at L4-5 and fusion at L5-S1.

RESULTS: The mean blood loss was 100.7 ml. There were statistically significant improvements (p<0.001) in the mean values
of all three clinical outcome measures: VAS back pain scores improved from 6.7 to 3.2; VAS leg pain scores improved from 4.3
to 2.0; and ODI scores improved from 45.6 to 25.0. There was no significant differences in the pain and function scores for patients
with minimum 10-year follow-up vs. those with shorter follow-up duration. Re-operation occurred in 16.2 % of patients (see table).
The majority of these were for the removal of painful posterior instrumentation at the fusion level (6.1%). Re-operations directly
involving the TDR level occurred in 9 patients (3.0%). One patient reported multiple re-operations on the returned mailing, but
insufficient detail was provided to determine the procedure(s) performed.

DISCUSSION: The results of this study support that for many patients with symptomatic DDD arising from more than one disc,
hybrid surgery is a viable surgical option. Significantimprovement was demonstrated in pain and function scores with no difference
in scores among patients with more than 10 year follow-up. The most commonly occurring re-operation was removal of painful
posterior fixation, unrelated to the TDR.
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Introduction: Fusion procedures, such as anterior lumbar interbody fusion (ALIF), have been the standard for surgical
management of lumbar degenerative disc disease’. Lumbar disc arthroplasty (LDA) is a more novel technique which has been
shown to be a highly effective alternative to fusion®>. It has been suggested that the motion-preserving nature of disc arthroplasty
provides a unique benefit of reduction in adjacent segment disease*. Despite the growing evidence demonstrating its
effectiveness, LDA rates have not increased significantly in recent years® 8. A likely contributing factor is insurers’ denial of
coverage due to fear of late complications, reoperations, and unknown secondary costs” &. Although the cost analyses of LDA
have been performed, no prior study has compared the physician reimbursement rates of lumbar fusion and LDA®. Therefore, the
aim of this study was to compare the relative value units (RVUs) per minute of ALIF and LDA.

Methods: This retrospective cohort study utilizes data obtained from the American College of Surgeons National Surgical Quality
Improvement Program database. Patients who underwent ALIF or LDA between 2011 and 2019 were identified and included
based on Current Procedural Terminology (CPT) codes 22558 and 22857, respectively. Exclusion criteria included multilevel,
revision, emergency, non-elective, deformity procedures, intraspinal lesion, concomitant cervical procedures, laminectomy,
laminotomy, and other posterior procedures. Patients with missing operation time, reoperation, and readmission data were also
removed to prevent biases in the results. Statistical analysis was performed using SPSS software (version 28, IBM, Armonk, New
York). Propensity score matching analysis was performed with a match tolerance of 0.01 according to demographic
characteristics, comorbidities, and preoperative laboratory values. Matched groups were compared via Fisher’'s exact test and
independent t-test for categorical and continuous variables, respectively.

Results: The total cohort prior to matching consisted of 6,722 patients. 502 patients who underwent ALIF were matched with 591
patients who underwent LDA via propensity score matching. There were no differences in sex, race, and ethnicity between the
matched groups, but patients in the ALIF group were significantly older on average (48.4 years vs. 43.8 years, p<0.001).
Hypertension requiring medication (33.9% vs. 25.4%, p=0.003), chronic steroid use (2.0% vs. 0.3%, p=0.032), and ASA class of
3 or greater (26.7% vs. 21.0%, p=0.032) were more common in the ALIF group compared to LDA group (Table 1). Mean RVUs
per minute was significantly higher for ALIF compared to LDA (0.431 vs. 0.302, p<0.001). In addition, LDA was associated with
significantly higher readmission (3.4% vs. 0.0%, p<0.001) and reoperation (2.0% vs. 0.4%, p=0.027) rates, while morbidity rates
were statistically similar (3.6% vs. 2.8%, p=0.496). No differences in rates of individual complications were observed (Table 2).

Conclusion: ALIF was associated with significantly higher RVUs per minute compared to LDA. LDA was associated with higher
30-day readmission and reoperation rates. These findings provide valuable evidence for assessing the physician reimbursement
and outcomes of surgical treatment options for lumbar degenerative disc disease.
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Introduction: In the surgical treatment of neurogenic claudication and/or radiculopathy in isthmic spondylolisthesis it is debatable
whether instrumented fusion (DF) has to be added to decompression (D). To that end a randomized controlled trial was performed
randomizing patients to both treatment options, and the two year analysis demonstrated a superior outcome for DF. Eligible
patients that declined randomization were included in an observational cohort study. The objective of the current study is to
analyze this larger population, to assess a possible difference in outcome between randomized and patient-preferred treatment,
and to evaluate whether a subgroup of patients would benefit more of a particular treatment strategy.

Methods: Between 2008—-2017, 172 patients with low-graded isthmic spondylolisthesis enrolled in this study (84 in RCT) and
were followed up for 2 years. Primary outcome measures were Roland Disability Questionnaire and patient’s perceived recovery.
Visual-analogue scale (VAS) for back pain and for leg pain, and the proportion of reoperated patients were evaluated as secondary
outcome measures through Kaplan-Meier analyses. Repeated-measurement analysis of variance was performed. Subgroup
analyses were performed for gender, age, BMI, smoking, patient preference, and DF after D.

Results: 85 patients received decompression-alone (D),
and 87 patients received decompression-and-fusion (DF).
Both groups were similar at baseline. At 12-week follow-up,
improvement of Roland Disability Questionnaire scores were
comparable (D: 5.1 points 95% CI [3.7 to 6.5] and DF: 6.6
points 95% CI [5.3 to 8.0], p = 0.38). In contrast, both VAS
back pain (25.5 points 95% CI [18.6 to 32.3] in D versus 35.9
points 95% CI [29.1 to 42.6], p = 0.034) and leg pain (23.5
points 95% CI [13.3 to 33.7] in D versus 34.0 points 95% CI
[24.1 to 43.8], p = 0.04) improved significantly more in the
DF-group.
At 2-year follow-up, DF-group showed 4.1 points more
improvement in RDQ scores (9.8 95% CI[8.3 to 11.4] versus
5.7 95% CI [4.1 to 7.3], (p < 0.001), and more improvement
in VAS-back pain (-17.4 (95% CI [-27.2 to -7.5] p = 0.001).
VAS-leg pain did not differ between both groups (p = 0.1).
Perceived recovery was comparable in both groups at 12-
week follow-up (37% (D) versus 58.3% (DF; p = 0.08), but
superior for DF (74% versus 47.1%; p < 0.001) at 2-year
follow-up. None of the subgroup analysis demonstrated a
superior outcome for mere decompression. During the 2-year follow-up period, cumulative probability of reoperation was 38.6%
in the D-group and 6.2% in the DF-group (p < 0.001). RDQ score was significantly worse in patients that were submitted to DF
after D (Figure 1).

Discussion: In patients with isthmic spondylolisthesis, decompression and instrumented fusion showed superior functional
outcome and perceived recovery compared to decompression-alone at two-year follow-up. Additionally, decompression and
fusion resulted in less reoperations, and adding fusion to decompression in second stage led to inferior functional outcome. No
subgroups could be discerned to have a better outcome with mere decompression. Therefore, we recommend decompression
and instrumented fusion over decompression-alone as a primary surgical treatment option in isthmic spondylolisthesis.
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Introduction: The importance of sagittal balance and pelvic parameters as they pertain to overall spinal balance are well-
established for the deformity and isthmic spondylolisthesis population. The overall effect of differing surgical intervention type for
patients undergoing interventions for degenerative lumbar spondylolisthesis (DLS) is not known. Furthermore, the magnitude of
postoperative alignment effects based on a particular surgical intervention for DLS is not established. The objective of this
investigation was to assess the effect of decompression versus posterolateral fusion versus interbody fusion on spinal alignment
among patients undergoing surgery for DLS.

Methods: Retrospective analysis of the Canadian Spine Outcomes and Research Network (CSORN) prospective study on the
assessment and management of DLS was performed. Patients who had decompression alone (D), posterolateral fusion (PLF) or
interbody fusion (IB) between 2015 and 2020 and were one-year postoperative were included. Sagittal vertical axis (SVA), lumbar
lordosis (LL) and pelvic incidence (Pl) were measured preoperatively and one-year postoperatively. Patients were divided into
two groups based on whether their one-year postoperative spinal alignment improved/stayed the same or deteriorated by
subtracting the one-year measure from baseline. The proportion of patients and the magnitude of the change was compared
among surgery types.

Results: Two-hundred forty-eight patients had LL (D=69, IB=147, PLF=32), 192 patients had SVA (D=52, IB=114, PLF=26) and
243 patients had PI-LL (D=71, IB=137, PLF=32) measures at one-year. The majority of patients saw an improvement in alignment
and the proportion of patients that improved was similar among surgery groups (SVA: 50%, 35%, 41%, P=0.148; PI-LL: 64%,
66%, 56%, P=0.617; LL: 62%, 71%, 63% P=0.385 for D, IB and PLF respectively). LL deteriorated an average of 6.1+5.7° and
was similar among surgery types. Patients undergoing decompression only saw a smaller improvement in LL compared to IB
(P=0.039; D=6.5+6.0°, IB=9.7+7.6°, PLF=9.1+7.0°). SVA deteriorated an average of 14+18 mm and was similar among surgery
types. PLF saw the greatest improvement in SVA (48451 mm vs D, 24+39 mm (P=0.002) vs IB 18.1+23 (P=0.003)). PI-LL
deteriorated an average of 7.1£6.0 mm and improved an average of 11.1£9.2 mm and did not differ among surgery types.

Discussion: Overall spinal alignment either remains the same or improves with the vast majority of patients undergoing surgery
for DLS regardless of surgical intervention. In this large, longitudinally followed multi-centre patient cohort, more invasive surgical
intervention in the form of interbody or posterolateral fusion for DLS was not associated with a statistically significant between
group alignment improvement compared to decompression alone.
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INTRODUCTION:

A number of bone graft substitutes that claim to be both osteoconductive and bioactive (sometimes termed ‘osteostimulative’) are
now available. They proport to combine the advantages of osteoconductive and osteoinductive graft substitutes without the
associated drawbacks and complications. The aim of this study was to evaluate the clinical and radiological effectiveness of three
such bone graft substitutes used in patients undergoing single level lumbar fusion.

METHODS:

A consecutive series of patients undergoing primary single level transforaminal lumbar interbody fusion (TLIF) for degenerative
lumbar conditions were allocated either BonAlive® putty MIS (BonAlive® Biomaterials Ltd., Turku, Finland) (n=20) or NanoBone®
SBX putty (Artoss GmbH, Rostock, Germany) (n=19) bone graft substitute and prospectively studied. The graft was used alone
(without autologous supplementation) in the cage, in the disc space and in the lateral gutters. This data was then compared with
a historical cohort comprised of patients who had previously undergone primary single level TLIF using Actifuse (Baxter,
Unterschleiheim, Germany) bone graft substitute in a similar fashion (n=63). Fusion rate was assessed at 12 months
postoperatively using computed tomography (CT) by an independent radiologist blinded to bone graft type. Radiological
parameters included bone growth through the cage, bone growth around the cage, new end-plate cyst formation and new end-
plate sclerosis. Patient reported outcome measures were assessed via the Oswestry Disability Index (ODI), and the Back and
Leg Visual Analog Scale (VAS) preoperatively and at 6 weeks, 6 months, and 12 months postoperatively.

RESULTS:

There was no statistical difference in fusion rates between groups, with BonAlive® achieving a rate of 80%, NanoBone® a rate of
84% and Actifuse a rate of 87% at 12 months. The presence of new endplate sclerosis was significantly lower (p=0.016) with
Actifuse (24%) than with BonAlive® and NanoBone® (55% and 42%). There was no significant difference in new endplate cyst
formation; BonAlive® 30%, NanoBone® 32% and Actifuse 17%. There were no significant differences for ODI, back VAS and leg
VAS between the groups at any of the postoperative timepoints. At 12 months BonAlive® patients had an improvement in ODI of
58%, NanoBone® patients an improvement in ODI of 59% and Actifuse an improvement in ODI of 66%, compared with baseline.
Four patients did not reach minimally clinically important difference in ODI and VAS improvement: 2 in the BonAlive® group, 1 in
the NanoBone® group and 1 in the Actifuse group. There were no significant graft-related complications. There were no
reoperations.

DISCUSSION:

All three bone graft materials exhibited similar radiological results and patient reported outcomes. Results were comparable with
other materials and techniques to the point that these bone graft substitutes could be considered as satisfactory replacements for
autologous bone graft.
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Introduction: Adolescent idiopathic scoliosis (AlIS) is a three-dimensional deformity of the spine occurring in the general
population with prevalence between 2 and 3%, the aetiology and pathogenesis of which are poorly understood’. Investigating the
relationship between scoliosis and biomechanical measures such as trunk muscle activation would provide valuable information
for the understanding of the pathomechanics of the AIS spine. Unfortunately, this measure is difficult to be acquired in vivo due
to the invasiveness of the measurement procedure, and few data (from surface EMG) are available from the literature?*. An
alternative strategy is represented by computational simulation based on musculoskeletal modelling approach, which allows
calculating muscle activation in assigned postures and movements by means of inverse dynamic analysis. In this regard, a
thoracolumbar model with articulated ribcage, developed in AnyBody software* (AnyBody Technology, Denmark), has been
recently adapted to replicate the spine alignment in AIS®%. The present study exploits the available model to replicate the subject-
specific spine alignment in a dataset of 66 AIS subjects with scoliotic curve with apex in the thoracolumbar/lumbar region (Lenke
type 3, 5, and 6) and Cobb angle of the curve ranging from 10° to 45°. Movement of trunk forward flexion from 0° (relaxed standing)
to 45° is simulated (distributed from T12 to the fixed sacrum, Fig.1e). The asymmetry in erector spinae (ES) and multifidus (MF)
muscle activation in the lumbar region (T12-L5) is calculated between the convex and concave side of the scoliotic curve, and
distinguished between mild scoliosis (Cobb 10°-25°, 32 subjects) and moderate (Cobb 25°-45°, 34).

Methods: The exploited dataset was acquired by our group in a previous clinical study’. The subjects underwent radiological
examination in orthostatic position by EOS system (EOS Imaging, France), providing the simultaneous acquisition of the frontal
and lateral plane images (Fig.1a,b). The 3D spine alignment was replicated in the musculoskeletal model (Fig.1c,d) and scaling
by subject’s weight and height was performed®. The asymmetry in ES and MF muscle activation was evaluated as (convex -
concave)/(convex + concave) side of the scoliotic curve, providing zero value in case of balanced activation, and positive and
negative values (from 0 to +1) for larger activation in the convex and concave side, respectively.

Results: During flexion, the asymmetry of ES and MF activation showed decreasing and increasing trend, respectively, both for
mild and moderate scoliosis (Fig.2a,b and d,e). Compared to relaxed standing, ES activation was found more negative at
maximum flexion (Fig.2c,f), with meantsd equal to 0.02+0.11 and -0.09+0.21 (mild scoliosis), and -0.01+0.15 and -0.11+0.25
(moderate), respectively. Conversely, MF exhibited larger positive values: 0.03+0.19 and 0.29+0.14 (mild), and -0.02+0.18 and
0.29+0.13 (moderate).

Discussion: The results pointed out concurrent opposite activation of ES and MF muscle in the lumbar region during forward
flexion. This novel finding, based on computational simulation, suggests the presence of muscle synergy between ES (more
involved to straighten the trunk) and MF (stabilizing the motion segments) in presence of scoliosis. Larger datasets and the
simulation of additional movements in the other planes are needed to provide deeper understanding
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Introduction: Spinal deformity in the pediatric population can pose a significant detriment to quality of life and development'.
Spinal deformity surgery can be performed to correct coronal and sagittal deformities such as scoliosis and kyphosis.
Unfortunately, pediatric spinal deformity surgery is frequently complicated by the need for reoperation, with a revision rate of
nearly 10%2. However, there is limited literature on outcomes following primary vs. revision deformity surgery in the pediatric
population. In addition, no prior study has evaluated for a difference in physician reimbursement rates between primary and
revision pediatric spinal deformity surgery. The purpose of this study is to compare the relative value units (RVUs) per minute and
30-day outcomes between primary and revision pediatric spinal deformity surgery.

Methods: This study was performed using data obtained from the American College of Surgeons National Surgical Quality
Improvement Program Pediatric database. Patients between 10 and 18 years of age who underwent posterior spinal deformity
surgery between 2012 and 2019 were identified using Current Procedural Terminology codes 22800, 22802, and 22804. Patients
undergoing anterior-only or concurrent anterior-posterior fusions were excluded to ensure patient cohort homogeneity. Exclusion
criteria also included missing demographic or clinical data, malignancy, active infection, and emergent procedure.

Univariate analysis was performed using Pearson Chi-square tests to compare baseline demographic and clinical characteristics.
Univariate and multivariate regression models were used to assess the independent impact of revision surgery on RVUs and
postoperative outcomes. Backwards stepwise regression model was utilized to account for all baseline differences in
demographics and comorbidities, with entry at p=0.05 and removal at p=0.1.

Results: The study cohort included 15,055 patients with 358 patients who underwent revision pediatric spinal deformity surgery.
Patients in the revision group were most likely to be younger (13.7 vs. 14.3 years, p<0.001) and male sex (38.0% vs. 30.4%,
p=0.002). Multiple comorbidities were more common in the revision group as detailed in Table 1. Revision surgery more commonly
required osteotomy (13.7% vs. 8.3%, p=0.002). All variables included in Table 1 were adjusted for in the subsequent regression
models.

Univariate analysis revealed higher total RVUs (71.09 vs. 60.51, p<0.001), RVUs per minute (0.27 vs. 0.23, p<0.001), readmission
rate (6.7% vs. 4.0%, p=0.012), and reoperation rate (7.5% vs. 3.3%, p<0.001) for the revision surgery group. Morbidity rates were
found to be statistically similar between revision and primary surgery (65.3% vs. 69.3%, p=0.108). In addition, deep surgical site
infection (2.2% vs. 0.9%, p=0.010), pulmonary embolism (0.3% vs. <0.1%, p=0.010), and urinary tract infection (1.7% vs. 0.7%,
p=0.038) were more common in the revision group (Table 2). After multivariate regression, the differences in total RVUs, RVUs
per minute, reoperation rate, and rate of pulmonary embolism between primary and revision surgery remained statistically
significant (Table 3).

Conclusion: Revision pediatric spinal deformity surgery was found to be assigned appropriately higher mean total RVUs and
RVUs per minute corresponding to the higher operative complexity compared to primary surgery. Revision surgery was also
associated with poorer 30-day outcomes, including higher frequencies of reoperation and pulmonary embolism.
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Introduction: Automated MRI systems such as SpineNet' enable rapid re-annotation of cohort intervertebral disc traits onto the
same objective scale’, independent of the original MRI annotation systems?, and hence allow direct comparisons of degenerative
disc gradings between cohorts. Here, we aimed to increase the predictive capability of SpineNet, a Convolutional Neural Network
(CNN) model, by training it to examine differences in morphology in images of the same individual taken 10 years apart, and in
differences in morphology between individuals. To assess the sensitivity of the system we examined differences between vertebral
bodies (volumes) of middle-aged subjects, assuming they were less likely to change morphologically than the intervertebral discs.

Methods: The MRI dataset comprised 920 consented subjects (6327discs) from Twins UK (https:/twinsuk.ac.uk/). 423 of these
subjects have follow-up scans 10-12 years after baseline imaging; these scans were used to examine intra-individual spinal
differences.

A model was trained solely on pairs of 3D vertebral body (VB) volumes at each level of the lumbar area (T12 to L5); “same” pairs
are pairs sampled from the same individual at different timepoints while “different” pairs are pairs sampled from different individuals
ignoring timepoint information. Monozygotic/dizygotic twin pairs were omitted during training. The model was trained to produce
a measure of distance (i.e. difference) between the morphology of two VBs, such that the lower the distance, the more similar
were the two vertebrae. While distances were calculated per VB pair, here we show the distances summed to give a measure of
the distance between two spines i.e. subjects.

Results: This model was sufficiently sensitive to detect differences in morphology of paired vertebrae. The distances for all spine
pairings in our dataset, is shown in Figure 1. MR images of the same individual taken 10-12 years apart, had the smallest distance
between them, i.e. were most similar. For scans taken at the same time point, as expected, the distance between monozygotic
twins, was smaller than between dizygotic twins, with the distance between unrelated individuals, noticeably larger than that
between any of their twin pairs.

Conclusions: This study shows a deep learning model can be trained to detect and quantify morphological differences of spinal
features such as vertebral bodies in terms of image ‘distance’. Here we showed it can be used to detect ‘distances’ between
individuals, and ‘distances’ between the same individual, imaged at different times. This latter capability would be of particular
benefit in longitudinal imaging studies, as it would enable quantitative assessment of morphological changes in the spine.
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INTRODUCTION Vertebral bone marrow lesions known as Modic changes are specific for axial low back pain. Fibrosis,
inflammation, and enhanced myelopoiesis have been described as hallmarks of Modic changes. CD90-positive bone marrow
stromal cells (BMSC) regulate inflammatory myelopoiesis and drive fibrosis of the bone marrow in primary myelofibrosis. However,
the role of CD90-positive BMSC in Modic change pathophysiology is unknown. In this study, we investigated CD90-positive BMSC
in biopsies from MC and their association with inflammatory and fibrotic markers. We hypothesized that presence of CD90-positive
BMSC correlates with bone marrow fibrosis and edema.

METHODS This study was approved by the local Ethics Commission
and conducted in accordance with the Declaration of Helsinki. From
fourteen patients undergoing lumbar spinal fusion twenty-two bone
marrow biopsies were taken through the pedicle screw trajectory
before screw insertion. Collected patient demographics included age,
sex, size, weight, height, BMI, smoker, 10-point visual analogue score
(VAS) for back and leg pain (VAS.back, VAS.leg), and Oswestry-
Disability-Index (ODI). Two experienced radiologists independently
classified MC main type (Control, MC1, MC2), graded disc
degeneration (DD)(Pfirmann grade 0-5), and endplate damage
(Rajasekaran grade 0-6). Biopsies were processed for histology and
thin sections were stained with hematoxylin/eosin (HE), Masson
trichrome (MT) and analysed with immunohistochemistry for alpha-
smooth-muscle-actin (aSMA), type | collagen (COL1), type Il collagen
(COL3), cellular fibronectin (FN), Thy-1-membran-glykoprotein
(CD90), and endoglin (CD105). Two pathologists independently
scored immunopositivity (0-8) of aSMA, COL1, COL3, FN, CD90, and
CD105, and scored inflammatory infiltrates and edema (=interstitial
water) on HE slides (0-8). Scores were compared between MC types
with Kruskal Wallis test with Bonferroni correction. Scores were (i)
correlated to patient demographics and clinical data and (ii) to each
other using Kendall-Tau correlation.

RESULTS There was no difference in patient demographics between MC1, MC2, and control. CD90-positive BMSC were more
frequent in MC1 (3.34+2.33, p=0.001) and MC2 (1.88+1.70, p=0.052) compared to control (0.13+0.35) (Fig.1). Edema was not
found in control bone marrow but frequently in MC1 (1.13£0.99, p=0.015) and MC2 (0.83+0.75, p=0.044). Scores for inflammatory
cell infiltrates above 1.5 were exclusively found in MC1 (1.88+1.69 vs. control 0.38+0.69, p=0.081). Connective tissue in the bone
marrow (measured with MT) was increased in
MC1 (2.19+1.53, p=0.027) compared to control
(0.44+0.82). The discs adjacent to MC1 and
MC2 were stronger degenerated, and endplates
were more damaged than control discs and
endplates (all p<0.001). CD90 correlated with
hallmarks of MC1, e.g. edema (tau=0.69,
p<0.001), endplate damage (tau=0.65,
p<0.001), and DD (tau=0.56, p=0.002). CD90
also correlated with the pro-fibrotic markers MT
(tau=0.48, p=0.006) (Fig.2), COL1 (tau=0.44,
p=0.011), and FN (tau=0.48, p=0.006).
Importantly, correlation of MT with VAS.back
(tau=0.51, p=0.068) suggests that bone marrow
fibrosis is linked to back pain in Modic changes.

DISCUSSION Correlation of CD90-positive
BMSC with pro-fibrotic markers and edema points at a key role of CD90-positive BMSC in MC pathomechanisms. CD90-positive
BMSC might be responsible for bone marrow fibrosis in Modic changes similar as in primary myelofibrosis. Inhibiting proliferation
and activation of CD90-positive BMSC could become a novel interesting treatment target for MC-related low back pain.
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Introduction

In recent years there has been growing interest in Modic changes (MCs), defined as bone marrow lesions adjacent to the vertebral
endplate seen on MRI. There are different types of MCs, with different histopathological correlates. However, the natural history
of these lesions, which this study aims to examine, is not well established.

Methods

The community-based study sample comprised 110 men (mean age of 48+8 years) from the Twin Spine Study, shown to be
highly representative of the corresponding Finnish population, with baseline, 5-year, and 15-year follow-up MRIs. T1- and T2-
weighted sagittal lumbar scans were analyzed at the three time points for all participants. Following training and reliability testing,
1320 endplates (T12-S1) were evaluated for MC presence, type (MC1, MC2, or Mixed MC), and dimensions (anteroposterior,
transverse and vertical height) at each time point. To better understand the total changes in size of an MC at follow-up, a Sum of
Changes variable was used, which was the sum of changes in size of the three dimensions of an MC. Negative values represented
a reduction in size, and positive represented an increase in size.

Results

Intra-rater agreement was found to be almost perfect for classification of MCs (k=0.81-0.91). MC2 was the most common type
(88% of MCs at baseline, and 89% and 83% at 5- and 15-year follow-up, respectively), with approximately half located at the two
lowest disc levels (48-52%). However, MC1s were distributed almost similarly across the lumbar region. The presence of an MC
on one endplate, was significantly associated with the presence of an MC on the adjacent endplate (p<0.001).

At baseline, MC1s were present on 16(1%) endplates in 12(10%) participants. Five MC1s persisted at 5-year follow-up, however,
all MC1s from baseline had converted to other types by the 15-year follow-up. At 5-year follow-up, there were 8 new MC1s on
previously normal endplates (6 in the anterior aspect of the endplate). Out of 16 MC1s in baseline, at 5-year follow-up, one
resolved completely and 10 converted to either MC2 or Mixed (all Mixed ones converted to MC2 at 15-year follow-up). There were
40 new MC1s at the 15-year follow-up, with 35(88%) arising from normal endplates and five converting from MC2s. Of the new
MC1s at 15-year follow-up, 13(32%) covered the entire endplate and 18(45%) were located anteriorly.

Of the MCs that remained as MC2s throughout the study, the mean Sum of Changes in size over follow-up was 1.05 + 1.05 (on
a -9 to 9 scale), suggesting a modest overall increase, but more than 55% had the same transverse, AP and vertical size.

Discussion

This longitudinal study confirmed that MC2 is the most common MC type in men, with MC2, but not other types, mainly located at
the lower lumbar endplates. Also, MC1 appears to be a transient phase, with no MC1s at baseline persisting to 15-year follow-
up. New MCs mostly occurred in the anterior aspect of the endplate, which may provide clues related to pathogenesis. Complete
resolution of MCs can occur, but it is very uncommon.
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Introduction

Increasing attention has been paid to endplate(EP) injury as having a crucial role in the etiopathogenesis of painful intervertebral
disc (IVD) degeneration due to associations of Modic changes (MCs) and pain in clinicall. EP injuries are described to occur
through peripheral or central accumulating microfracture, and accumulation of EP microfractures are involved in all types of EP
injury?. Models of EP microfracture that progresses to painful conditions are highly needed to better understand
pathophysiological mechanisms and screen therapeutics. This study established an EP microfracture model and characterized
associated IVD degeneration, vertebral remodeling, and pain-related behaviors.

Methods

Male Sprague-Dawley rats (5 months of age) were randomly divided into 3 groups: Sham (n=6), EP injury+PBS (n=6), EP
injury+TNFa (n=7). For the EP injury groups, the proximal EPs of L4-5 and L5-6 were punctured obliquely through the vertebral
body using a 0.6 mm K-wire (Fig. 1A). A total of 2.5 ul of PBS or TNFa (0.25 ng in 2.5 ul) were then injected into each IVD following
the EP injury. IVD height was quantified using radiography pre-operatively, and at 8 weeks. Behavioral tests (i.e. hind paw von
Frey and forepaw grip test) were performed biweekly. Lumbar spines were dissected for MRI and uCT analyses.

Results

EP injures induced IVD degeneration with
decreased IVD height and MRI T2 values compared
to Sham (Fig. 1B, D). EP injury showed MC type1-
like changes around the EP defects on MRI with
hypointensity on T1-weighted images and
increased T2 of bone marrow being visible in the
EP+TNFa group. EP microfracture similarly
showed trabecular bone remodeling on uCT, and
EP+TNFa further showed secondary damage in
cartilage EP adjacent to the injury (Fig. 2). EP
injures caused significantly decreased paw
withdrawal threshold & reduced grip forces (Fig.3),
suggesting increased pain sensitivity.

Discussion

Decreased grip force and paw withdrawal threshold
following EP microfracture suggest increased pain-
like behaviors consistent with axial mechanical
pain. EP-driven axial pain is consistent with our
biomechanical findings that EP microfracture cause
axial instability®®.. Interestingly, we created an EP
injury with size of only ~2% of the average rat
lumbar EP surface areal, yet this minimal injury
appears sufficient to induce axial pain since two
injuries groups had identical behavioral results.
Most importantly, this EP microfracture model
induced Modic-like changes and the EP+ TNFa
group appeared to amplify bone marrow/IVD
crosstalk to stimulate MC type1-like changes, and
these results are consistent with Dudli et al. who
found proinflammatory stimulus was critical to
induce MC1-like changes!". This EP injury model
might therefore be a clinically relevant model
involving IVD pro-inflammatory conditions and EP
microfracture accumulation to better understand and screen EP pathophysiology. Further studies will associate pain-related
behaviors with signal intensity of MC1-like bone marrow changes to further compare with the human condition, and will assess
nervous system changes to inform pain pathomechanisms.
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Introduction

Intervertebral disc (IVD) degeneration is highly associated with chronic back pain. Dorsal-root-ganglia (DRG) of peripheral nervous
system are reported to be sensitized with upregulation of neuropeptides and pro-inflammatory cytokines from IVD degeneration [1-
4]. Animal models are needed to better understand pathophysiological transition from acute spinal injury to chronic pain, and to
screen therapeutics. This study identified cross-talk between IVD degeneration and spinal cord by measuring substance P (SubP),
a common neurotransmitter in the nervous system, following endplate (EP) microfracture injury-induced IVD degeneration in an
in-vivo rat model.

Method

Procedures were IACUC approved. Nineteen male five-month-old Sprague-Dawley rats underwent sham (n=6) or EP injury
surgery (n=13). In EP injury groups, L4-5 and L5-6 IVDs were punctured obliquely through their proximal vertebral body using K-
wire, and injected with either tumor necrosis factor-alpha (TNFa) (n=7) or PBS (n=6). Back pain-related behaviors (i.e. hindpaw
mechanical allodynia and forepaw grip force) were tested biweekly. At 8-weeks after injury, all rats were euthanized after taking
radiograph for IVD height measurement. Lumbar spinal cord (corresponding to vertebral level T12-L1) was isolated, and stained
for substance P (SubP) using immunohistochemistry with Nissl stain to visualize spinal cord neurons. SubP-immunoreactivity
(SubP-ir) area relative to spinal dorsal horn compared between groups.

Results

SubP was found in laminae I-Il of spinal cord (Fig1A). SubP-ir area in trended to be higher in both EP injury groups compared to
Sham (Fig1B). SubP-ir area was significantly correlated with pain-like behaviors including the peak and average grip force, and
had statistical trends in association with von Frey hindpaw withdrawal threshold, and IVD height (Fig1C).

Discussion

This is the first study to demonstrates that EP-injury driven IVD degeneration results in spinal cord sensitization with increased
SubP in the dorsal horn of spinal cord in rats 8 weeks after EP injury. The SubP in the spinal cord were mainly localized to laminae
I and Il where terminations of nociceptive A-delta and C nerve fibers occur [5]. Increased spinal cord SubP was previously reported
in animal models of neuropathic pain and inflammation [6-9], suggesting that EP-injury in this study may involve a combination of
inflammatory and neuropathic conditions needing further characterization. SubP-ir was significantly correlated with pain-like
behaviors as well as IVD height loss in this model suggesting cross-talk between spinal cord and IVD following EP injury, that
results in increased pain-like behaviors. These multiple associations across tissues and behaviors observed in this study have
clinical implications suggesting that treatment strategies for chronic discogenic pain may require interventions targeting both IVD
and neural pathologies.
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Introduction: The etiopathogenesis of Modic changes is unresolved. Two proposed theories implicate trauma and sub-clinical
infection. Traditionally, Modic changes have been defined and studied using magnetic resonance imaging alone. Being a
pathology of subchondral bone, it is only natural that a CT scan will be reflective of bone changes better than MRI. With this in
the background, we did a study to probe the pathophysiological basis of Modic change (MC) by multimodal imaging rather than
by MRI alone.

Materials & Methods: The study was done in three steps. In Step 1, radiological signs found in documented mild infections and
traumatic endplate fractures were identified by MRI and CT, and by careful elimination, three signs unique to infection and trauma
were distilled. In step 2, by ranking Z score, appropriate positive values for infection and negative for trauma were assigned, and
an ‘Infection Probability Score’ (IPS) was developed. The score’s ability to differentiate infection and traumatic endplate changes
(EPC) was validated in further 30 patients (15 infections and 15 trauma). In step 3. the score was applied to 80 non-specific low
back pain patients (NSLBP), and the probability of EPC as a result of infection was assessed.

Results: The three unique signs for infection and scores were: involvement of end plates at both sides of the disc(+3), typical CT
erosion patterns of the subchondral bone associated with infection(+2), and extensive reactive sclerosis(+1). Involvement of
superior EP only(-3), single vertebral body edema(-2), and none or only rim sclerosis(-1) were the pure signs for traumatic EP
changes. The confidence interval pointing towards infection was 65% for score 4, 79% for score 5, and 89% for score 6. The
mean IPS score for the 80 patients with MCs was 4.5. None of the patients with an MC had a negative score, thus excluding
trauma as an etiology of MC.

Conclusion: Inclusion of CT in evaluating MC helped to identify signs indicating a high probability of infective process for
MC. Contrary to the traditional belief that MCs are secondary inflammatory changes, the study findings indicated that blood-borne
primary infective endplatitis might, in fact, be the cause of MC.
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Introduction: Vertebral endplate bone marrow lesions (BML), also referred to as ‘Modic changes’ (MC), are associated with
endplate damage, neoinnervation, and chronic low back pain (cLBP). Histology studies show that BMLs represent a continuum
of marrow changes reflecting a complex pathological process. Yet, diagnostic classification of BML is binary, based on MC
presence/absence on Ti- and T2-weighted MRI. Advances in quantitative MRI enable measurement of BML composition. The
premise of this work is that quantitative assessment of BML composition using water-fat MRI can reveal characteristics of painful
BMLs, providing insight into BML pathology and helping to identify phenotypes of cLBP.

Methods: Eighty four patients with cLBP (>3 month duration) were prospectively recruited for this study. 3T MRI of the lumbar
spine included sagittal T+- and T2-weighted, and chemical shift encoding-based water-fat sequences. MC type was graded on
sagittal T+- and T2-weighted images for L1-S1 levels. In those vertebrae with MC, BML severity was quantified by calculating the
difference in bone marrow fat fraction (BMFF) between regions affected and unaffected by the BML. To do this, BMFF was
averaged for five circular ROIs (10 mm? area each) manually placed inside the trabecular bone encompassed by the BML (Fig 1).
Five equivalently-sized ROIls were placed in the unaffected adjacent bone marrow. The mean difference in BMFF between
affected minus unaffected marrow was calculated for each BML. In the subset of patients with multiple BMLs, the lesion with the
largest absolute difference in BMFF between affected and unaffected marrow was used in the analysis. Linear regression was
used to test associations between ODI and BML severity, adjusted for age, sex, and BMI. An additional model was tested replacing
BML severity with MC type (I, I, or IlI).

Results: MCs of any type were present in 48% of patients (40/84; 31 male, 9 female; meantSD age=48.4+13.7 years;
ODI=22.7+15.0; VAS=6.412.3) and 10% of lumbar endplates (91/924). ODI was significantly associated with the mean difference
in BMFF between affected and unaffected marrow (p=0.001, whole-model R?=0.36, Fig 2a): large negative differences were
associated with higher ODI scores, whereas smaller negative changes transitioning to positive changes were associated with
lower ODI scores. MC type was also significantly associated with ODI (mean ODI=27.6 [95% CI: 21.2, 34.1] versus 16.1 [9.0,
23.2] for MC type | versus Il, respectively, p=0.011, whole-model R?=0.28, Fig 2b).

Discussion: These results indicate that disability in patients with endplate BMLs is related to BML composition assessed along
a continuum of marrow changes. BMLs with more severe fibrovascular changes—presenting as greater negative differences in
BMFF between affected and unaffected regions—were associated with greater ODI scores. Binary classification of MC type
explained less variance (lower R?) with less statistical significance (higher p-value) than the continuous measures from water-fat
MRI. This new assessment methodology may help identify characteristics of painful BML, visualize BMLs to their maximum extent
(Fig 1 c—d), and improve cLBP phenotyping over the legacy clinical classification system.
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Introduction Chronic low back pain (CLBP) is one of the leading causes of disability and chronic pain among adults. Despite
evidence against effectiveness in CLBP, opioids are often prescribed. It has been shown that approximately 20% of individuals
receiving long-term opioid therapy develop an opioid use disorder. Given the prevalence of CLBP in the United States and the
debilitating effects of opioid dependency, it is important to identify individuals who will benefit from opioid therapy and those who
may not. We used the novel network phenotyping strategy (NPS) to identify unique CLBP subpopulations with characteristic
probabilities for continued opioid use at follow-up. We then determined how self reported pain scores at the initial visit were
distributed among the CLBP subpopulations to gain further insight into which individuals may benefit from opioid therapy.

Methods

We used a UPMC database with 100 clinical variables from 20,000 CLBP patients prescribed opioids at the initial visit as input
for NPS which is an explainable artificial intelligence approach. NPS gave us NPS-X and NPS-Y which are related to probabilities
for continued opioid use and discontinued opioid use at 60-day follow-up respectively.

Self-reported pain scores ranged from 0-10 and were not included in the input list of 100 variables used to make NPS predictions.
Pain-scores at initial visit for each patient were superimposed back onto each patient's NPS-X and NPS-Y predictions for further
analyses.

Results

NPS classified patients with CLBP into 27 unique subpopulations with characteristic probabilities for opioid use (Fig1). In the map,
each patient is a point defined by their NPS-X and NPS-Y descriptors. Patients with higher value of X have higher probability of
discontinuing opioids and those with higher Y have higher risk of staying on opioids.

Clinical burden is the difference between probabilities for continued opioid use and stopped opioid use at follow-up. We determined
that clinical burden and probability for a particular pain score are negatively correlated for pain scores between 0 and 5 at index
visit. For pain score 6 to 10 at index visit, the clinical burden and probability for pain score were positively correlated (Fig 2).

For each subpopulation, we categorized pain scores at index visit into 2 groups - above 5 and below or equal to 5. We then
compared 2 of the 27 subpopulations at a time using a fisher test to determine whether there was any difference in the distribution
of pain scores above and below 5. We found that several subpopulation-subpopulation comparisons (48 out of 351 comparisons)
were statistically significant (p<0.01) demonstrating there was a significant difference between distribution of pain scores above
5 vs. below 5 among subpopulations with characteristic probabilities for opioid use (Fig3).

Discussion

Subpopulations with higher probabilities for continued opioid use have fewer pain scores in the range of 0-5 and more pain scores
in the range of 6-10. Thus, patients with higher self-reported pain scores may need to be given more attention clinically and
provided with alternati ves to opioid therapy when possible.
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Introduction: Symptomatic lumbar disc herniations (LDH) are very common. However, LDH resorption is a “self-healing”
phenomenon that may develop yet remains not well understood. By most guidelines, if LDH remains symptomatic after 3 months
and conservative management fails, surgical intervention may be an option. The following prospective study aimed to identify
determinants that may predict early versus late LDH resorption.

Methods: A one-year prospective study was conducted of consecutive patients diagnosed with acute symptomatic LDH. All
patients were managed similarly. Baseline entailed assessment of patient demographics (e.g., smoking status, height, weight,
etc.), herniation characteristics (e.g., the initial level of herniation, the direction of herniation, prevalence of multiple herniations,
etc.) and MRI phenotypes (e.g Modic changes, endplate abnormalities, disc degeneration, vertebral body dimensions, etc.) were
collected for further analysis. MRIs were performed approximately every 3 months from time of enrolment to assess disc integrity.
LDH resorption was classified as early (<3 months) or late (>3 months) (Figure 1). A prediction model of pretreatment factors was
constructed.

Results: 90 patients were included (n=23-early-resorption, n=67-late-resorption groups) with a mean age of 48.7+11.9 years. A
greater percent reduction of disc herniation between MRI-0 (baseline) to MRI-1 (p=0.043), greater reduction of herniation size for
total study duration (p=0.007) and increased percent resorption per day was noted in the early LDH resorption group (p<0.001).
Multivariate modeling yielded greater L4 posterior vertebral height (coeff:14.58), sacral slope (coeff:0.12), and herniated disc
volume (coeff:0.013) at baseline as most predictive of early resorption (p<0.05).

Discussion: This is the first comprehensive imaging and clinical phenotypic prospective study, to our knowledge, that has
identified distinct determinants for early LDH resorption. Early resorption can occur in 24.7% of LDH patients. The “vertebral body
profile,” is the strongest predictor for disc resorption and represents a paradigm shift as to how such pathologies can occur that
can eventually lead to disc “self-healing.” A risk profile is proposed that will aid clinical decision-making and manage patient
expectations.
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Introduction: Lumbar disc herniations (LDH) are amongst the most common spinal pathologies worldwide. As part of a “self-
healing” phenomenon, patients often undergo spontaneous LDH resorption. However, the mechanism of this process remains
poorly understood, particularly in the context of multiple herniations. The current study therefore aimed to identify specific patient
characteristics, MRI findings, and resorption features associated multiple herniations and LDH resorption. We hypothesized
patients with multiple LDH herniations will (1) demonstrate distinct patient characteristics, (2) exhibit discrete MRI findings, and
(3) experience longer resorption times compared to those with a single herniation.

Methods: A one-year prospective study was conducted of patients presenting with acute symptomatic LDH. All patients were
managed by a single clinician between 2017 and 2019. All included patients (1) were >18 years of age, (2) exhibited MRI findings
of acute LDH, and (3) had symptomatic radiculopathy. Baseline assessment encompassed patient demographics, herniation
characteristics (e.g., herniation location), and MRI phenotypes (e.g., disc degeneration, endplate abnormalities, vertebral body
dimensions). Treatment consisted of gabapentin, acupuncture, and avoidance of inflammatory-modulating medications in all
patients. MRIs were performed approximately every 3 months after initial evaluation to assess disc integrity. P-values <0.05 were
deemed statistically significant.

Results: Ninety patients were included (n=73 single herniation, n=17 multi-herniation) with a mean age of 48.7+11.9 years.
Baseline demographics did not differ between single- and multi-herniation groups apart from body mass index (BMI), as the multi-
herniation group consisted of patients with higher BMI (p<0.001). Moreover, the frequency of multiple herniations was similar
between males (9 of 44, 20.5%) and females (8 of 46, 17.4%). Those with multiple herniations were more likely to have greater
initial disc size (axially) compared to those with only a single herniation (p=0.012). No other baseline herniation characteristics
differed between groups (e.g., initial size of herniation, location of herniation, or sagittal maximal measurement), nor did vertebral
dimensions, Cobb angle (CA), sacral slope (SS) or CA:SS. Patients with multiple herniations were more like to have L3/L4 inferior
endplate changes (p=0.001), L4/L5 superior endplate changes (p=0.012) and L4/L5 inferior endplate changes (p=0.020). No other
differences in MRI phenotypes (e.g., Modic changes, osteophytes, etc.) existed between groups. Furthermore, no differences in
resorption rate or time to resolution were observed between those with single and multiple herniations.

Discussion: In the first study of its kind, compared to those with single-level LDH, patients with multiple herniations are more
likely to have a higher BMI, greater initial axial measurements, and endplate changes at the inferior L3/L4, superior L4/L5, and
inferior L4/L5 levels. Patients of both groups, all managed conservatively, experienced similar rates of resorption and times to
symptom resolution. Taken together, these results indicate conservative management represents an effective strategy for
managing patients with LDH regardless of the number of affected levels, and they may assist clinicians in prognosticating recovery
within this specific patient population.
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Introduction: Many patients complained of residual symptoms following lumbar decompressive surgery. However, few studies
analyze this dissatisfaction by focusing on preoperative patients’ symptoms. Therefore, we designed this study to determine the
factors that could predict the patients’ postoperative complaints by focusing on their preoperative symptoms.

Methods: Four hundred and sixty-nine consecutive patients who underwent lumbar decompression and fusion surgery for lumbar
degenerative disease (LDD) were included. Postoperative complaint was defined by at least twice same complaint during the
outpatient follow-up of 3,6,12, and 24 months after surgery. A comparative analysis was performed between complaint group
(group C, n =250) and non-complaint group (group NC, n = 219). Preoperative and postoperative chief complaints were analyzed
through chart review. Demographic, operative, symptomatic, and clinical factors were compared between the groups by univariate
and multivariate analyses.

Results: Most common postoperative complaint was residual radiating pain (36.0%, n = 90) followed by tingling sensation (23.6%,
n = 59). The presence of psychotic disease (odds ratio [OR], 4.666; p = 0.019), longer pain duration (OR, 1.021; p < 0.001), pain
to below the knee (OR, 2.326; p = 0.001), preoperative tingling sensation (OR, 2.631; p < 0.001), preoperative sensory and motor
power decrease (OR, 2.152 and 1.678; p = 0,047 and 0.007, respectively) were significantly correlated with postoperative patients’
complaints in multivariate analysis.

Conclusions: Base on the current study, the postoperative patients’ complaints could be predicted and explained in advance by
checking the preoperative characteristics of patients’ symptoms, including the duration and site carefully. This could be helpful to
enhance the understanding of the surgical results preoperatively, which could control the anticipation of the patients.

Figure: Comparisons of preoperative and postoperative patients’ chief complaints

1. Jang HD, Lee JC, Choi SW, Shin BJ. Risk Factors for Postsurgical Foot Complaints One Year Following Degenerative
Lumbar Spinal Surgery. Spine 2019;45(9):E533-541.

2. Crawford CH 3rd, Carreon LY, Bydon M, et al. Impact of preoperative diagnosis on patient satisfaction following lumbar
spine surgery. J Neurosurg Spine 2017;26(6):709-715.

3. Katz JN, Lipson SJ, Brick GW, et al. Clinical correlates of patient satisfaction after laminectomy for degenerative lumbar
spinal stenosis. Spine 1995;20(10):1155-1160.
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Objectives: To estimate the probability of adjacent-level degeneration (ALDeg) and adjacent-level disease (ALDis), and
progression of ALDeg (AALDeg) beyond 7 years after TDR and to compare AALDeg between TDR and fusion using the final, 7-
year follow-up data from the prospective activL IDE trial.

Methods: Patients with single-level, symptomatic lumbar disc degeneration who were unresponsive to at least 6 months of
nonoperative care who received activL or ProDisc-L and had radiographs available were analyzed for the incidence for ALDeg,
incidence of ALDis, and progression of ALDeg (AALDeg). Prediction of the probability of ALDeg, ALDis, and AALDeg with TDR
to 10 years was conducted using logistic regression modelling. To predict the AALDeg with fusion, an unanchored MAIC was
conducted to mitigate differences between the TDR and fusion patient cohorts and derive a five-year odds ratio (OR) that was
applied. A sensitivity analysis using an unadjusted TDR cohort and five-year OR published by Zigler et al., 2018.

Results: The predicted probability of ALDeg after lumbar TDR was 18.8% by one year, 27.2% by five years, 35.0% by seven
years, and 53.9% by 10 years. In contrast, the predicted probability of clinical ALDis was 4.2% by 10 years. These probabilities
were similar to those observed in the activL trial during the seven-year follow-up. After matching and adjusting, TDR had
significantly lower odds of AALDeg than fusion at five-years (OR 0.32 ;95% CI, 0.13-0.72). The probability of AALDeg was
predicted to be lower with TDR than with fusion to 10 years (TDR vs. fusion: 1 year, 3.0% vs. 9.1%; 5 years, 11.3% vs. 29.6%; 7
years, 21.3% vs. 47.0%; 10 years, 41.4% vs. 70.0%) (Figure). Similar results were observed in sensitivity analysis (TDR vs. fusion:
1 year, 2.0% vs. 6.8%; 5 years, 10.4% vs. 29.3%; 7 years, 21.1% vs. 48.9%; 10 years, 43.2% vs. 73.1%).

Conclusions: Predicted probability of ALDeg and ALDis to 10 years is low with TDR. Progression of ALDeg is anticipated to be
substantially lower with TDR than with fusion over 10 years.

N NN

1.  Zigler JE, Glenn J, Delamarter RB (2012) Five-year adjacent-level degenerative changes in patients with single-level
disease treated using lumbar total disc replacement with ProDisc-L versus circumferential fusion. J Neurosurg Spine 17
(6): 504-511.
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Introduction

Numerous studies have quantified cadaveric intervertebral disc structure, composition, and mechanical behavior and interpreted
results in the context of in vivo disc; however, there are substantial differences between in vivo and ex vivo discs. In many ex vivo
studies, segments are pre-loaded and hydrated, to mimic the physiological in vivo condition. However, the differences between
the physiological and experimental conditions are unknown, limiting interpretation of cadaveric study outcomes. The objective of
this study is to assess geometric and hydration differences between physiological and experimental conditions using repeated
magnetic resonance imaging (MRI) in the porcine spine.

Methods

Repeat 3T MRI were acquired on 3 lumbar discs from Yucatan minipigs in 3 conditions: physiological (intact torso <2 hours since
sacrifice, n=4 pigs, 12 discs), multilevel (fresh-frozen intact excised spine, n=8 pigs, 24 discs), and segment (fresh-frozen
vertebra-disc-vertebra motion segment, n=8 pigs, 24 discs). Each sample was in PBS-soaked gauze during thawing, imaging,
and freezing. The physiological condition was reasonably represented by the fresh torso because in vivo animal MRl is performed
under anesthesia in supine position which minimizes axial load and eliminates active muscle contractions [1].

Two MRI sequences were used, a Ti-weighted FLASH sequence for geometry and a T.-weighted CPMG sequence for T2
relaxation time. Disc volume was calculated from T1 image segmentations using ITK-SNAP and mid-sagittal height, width, and
area were calculated using custom MATLAB code (Fig 1A). T2 times, positively correlated with hydration, were evaluated in the
nucleus pulposus (NP) and adjacent vertebral bodies by fitting the intensity in the regions of interest to noise-corrected
exponentials [2] (Fig 1B). Mixed model fits with fixed effect of condition, random effect of specimen, and post-hoc pair-wise Tukey
honest significance tests were conducted with p < 0.05.

Results and Discussion

Physiological in vivo spines are constrained and loaded by surrounding tissues and body forces that are progressively removed
when spines are dissected for ex vivo testing. This study showed that dissection altered disc geometry with increased disc volume,
increased height, and reduced width (Fig 2A-C). While area was not significantly changed, the increased volume is likely due to
the increased height, assuming soft tissue dissection reduced physiological constraints mostly in the axial direction. The reduced
width could be related to release of annulus fibrosus circumferential pre-strain. The decrease in NP T2 indicates reduced water
content in the analyzed region: this has two potential causes, 1) water redistribution within the larger volume disc and/or 2) water
loss to the vertebral bodies, which had increased T2 time (Fig 2D). Importantly, these geometric and hydration changes will alter
segment mechanical behaviors. While the effects of spinal dissection have been preliminarily quantified here, further work to
evaluate the differences in physical constraints and boundary conditions between in vivo and ex vivo states is ongoing, with the
ultimate goal of restoring cadaveric spinal segments to the in vivo physiologic state for testing and modeling.

1. [1] Wilke et. al. J Biomech, 1996.
2. [2] Meadows et. al. JOR Spine, 2020.
3. [3] Newell et al. J Mech Behav Biomed Mater, 2017.
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Introduction Findings of disc degeneration (DD) on magnetic resonance imaging (MRI) are frequently seen in asymptomatic
individuals with increasing prevalence with age. DD developing in early adulthood seems to predispose the individual for a more
rapid progression of degeneration. Although disc degeneration, protrusion, bulge, and extrusion have been associated with LBP,
the value of MRI findings in predicting future LBP has proven low.

Our knowledge on the natural history of the intervertebral disc (IVD) is insufficient to differentiate age-related changes from
possible pathologic findings. The few long-term studies including MRI published to date either lack clinical information or report
on specific populations or older subjects. In the present study, our objective was 1) to describe the natural history of lumbar IVDs
from childhood to adulthood, and 2) to investigate whether findings of DD were associated with LBP.

Methods Ninety-four healthy school children were randomly recruited in 1994 to a longitudinal study including a semi-structured
interview, a clinical examination and lumbar spine MRI at the age of 8, 11 and 18. In January 2021, all those subjects who could
be reached (n=89) were invited to take part in this long-term follow-up including a semi-structured interview, a clinical examination
and a lumbar spine MRI (high-field 1.5T MRI with a dedicated spine coil). Three lowest IVDs were assessed using a Pfirmann
summary score, and the ratio of signal intensity of the disc to signal intensity of the adjacent cerebrospinal fluid (SINDL). The
association of disc changes at any age with self-reported LBP at the age of 34 was analyzed.

Results Fourty-eight subjects consented to this long-term follow-up at the mean age of 34.2 years (SD 0.6). Thirty-five of them
reported LBP without specific trauma. The Pfirrmann summary score significantly increased with age (p<0.001). Subjects reporting
LBP at the age of 34 demonstrated statistically significantly higher summary scores both at the age of 18 and 34 compared to
asymptomatic subjects (p=0.004 at age 18, and p=0.039 at age 34). SINDL significantly decreased with age (p<0.001 for all levels
separately), but no significant differences between subjects with or without LBP at the age of 34 were observed.

Discussion Our main finding was that subjects who reported LBP at the age of 34 had statistically significantly higher Pfirrmann
summary scores already at the age of 18. The difference remained statistically significant at the age of 34, although progression
of DD was seen in the asymptomatic subjects alike (Figure, error bars for 95% confidence intervals.). Hence, more severe DD in
single IVD or more extensive DD in multiple IVDs after pubertal growth spurt may be associated with LBP in adulthood. When
SINDL was calculated for each level separately, no statistically significant differences emerged between subjects with or without
LBP at the age of 34 suggesting that changes in a single IVD may not be as consequential as more widespread DD. In conclusion,
subjects with LBP at the age of 34 had more wide-spread or severe DD already at the age of 18 compared to asymptomatic
subjects.
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Introduction: Modic changes of the lumbar spine have been abundantly reported in the adult population and are highly associated
with low back pain(1). It has been a long-held belief that Modic changes occur in older age, following the progression of disc
degeneration. However, little is known regarding the development of Modic changes in the pediatric population. As such, the
following study addressed the occurrence of Modic changes in younger patients, and reported on their epidemiology, risk factors
and clinical relevance. In addition, the study aimed to raise awareness of the “juvenile” variant of Modic changes.

Methods: 207 consecutive patients that sought medical consultation for low back pain at a single center from 2009 to 2018 that
had no history of deformities, neoplasms, trauma, or infections were included in this ambispective study. Sagittal T1- and T2-
weighted 1.5T MRIs of L1-S1 were assessed for Modic changes as well as other spinal degenerative phenotypes (e.g. disc
degeneration, herniated disc, high intensity zones (HIZs), endplate abnormalities, osteophytes). The presence of Modic types 1,
2, 3, and mixed types were assessed. Measurements were performed independently by two raters, whereby good to excellent
reliability was noted. Subject demographics were assessed. Clinical characteristics collected included duration of symptoms in
months, total office visits, types of conservative management utilized (physical therapy, NSAIDs, opioids, injections), and if later
underwent spine surgery. Univariate and multivariate analyses were performed. Significance for all analyses was set at a p<0.05.

Results: The mean age was 16.5 years old (46.9% males), 14% had MCs and they occurred throughout the spine. Subject
baseline demographics were similar between MCs and non-MCs patients (p>0.05). Modic type 2 (50%) was the most common
type (type 1:27.1%; type 3:18.8%; mixed:4.7%). Multivariate analyses noted that endplate damage (OR: 11.36), disc degeneration
(OR: 5.81), disc space narrowing (OR: 5.77), Schmorl’'s nodes (OR: 4.30) and spondylolisthesis (OR: 3.55) to be significantly
associated with MCs (p<0.05). No significant differences in conservative management were noted between Modic and non-MCs
patients (p>0.05). Among surgery patients (n=44), 21% also had MCs (p=0.134). Symptom-duration was significantly greater in
MC patients (p=0.049).

Discussion: To our knowledge, this is the first study to address Modic changes, multiple subtypes and their clinical relevance in
a pediatric population with low back pain. “Juvenile” Modic changes can occur in pediatric patients who experience low back pain
with a prevalence rate of 14% and were noted at every lumbar disc space level. Modic type 2 is the most common sub-type,
followed by types 1 and 3. Determinants of Juvenile Modic changes consisted of specific disc and endplate phenotypes. Juvenile
MCs have prolonged symptoms and related to specific structural spine phenotypes. Modic changes were also found to be
commonly noted in surgery patients. Additional studies are needed to further validate our findings in the young population. Our
study further warrants a refined classification of Modic changes for the juvenile variant, and its implications in the lifespan.

1. 1)Thompson KJ, Dagher AP, Eckel TS, Clark M, Reinig JW. Modic changes on MR images as studied with provocative
diskography: clinical relevance--a retrospective study of 2457 disks. Radiology 2009; 250(3): 849-55
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INTRODUCTION: The intervertebral disc has a poor propensity for regeneration. This may be due to the disc’s avascularity and
limited nutrient supply. Small molecules must undergo trans-endplate transport from subchondral capillaries to metabolically active
cells as far away as the central nucleus pulposus.' Increased biosynthesis in the disc in response to degeneration leads to
increased metabolic activity and increase in demand for nutrients. If transport cannot meet demand, rapid depletion of nutrients
and further degeneration can result." Recently, low rate cyclic axial loading has been shown to increase transport of small
molecules to and from a healthy disc via convective transport (bulk flow).? If transport can be augmented similarly in a degenerated
disc, then an increase in nutrient supply could promote biosynthesis and regeneration. The purpose of this study was to determine
if repeated cyclic loading could slow, arrest, or reverse the progression of disc degeneration in the rabbit lumbar spine.

METHODS: After IACUC approval, 56 New Zealand White rabbits were assigned to one of four treatment groups: (i) Control (no
degeneration, n=19), (ii) 8 weeks degeneration (“8D”, n=14), (iii) 16 weeks degeneration (“16D”, n=10), or (iv) 8 weeks
degeneration + 8 weeks therapy (“Therapy”, n=13). All animals underwent surgery to instrument the spine for cyclic loading of the
L45 intervertebral disc.? All animals other than the controls underwent disc puncture to induce degeneration. Animals in the 8D
and 16D groups were allowed to degenerate for 8 or 16 weeks, respectively. Animals in the Therapy group were first allowed to
degenerate for 8 weeks, then underwent a cyclic loading regimen (0.5Hz, 3mm/s) for 2 hours a day, 5 days per week, for the next
8 weeks. T2-weighted MRI and histologic analysis were performed. Nucleus volume, T2 relaxation times, Pfirrmann, and modified
Pfirrmann scales were used to assess disc health. Histology was evaluated using the ORS Spine Section grading system.
Indicators of biosynthesis, inflammation, and matrix degradation were analyzed via gene expression. Data were analyzed via one-
way ANOVA with Games Howell post-hoc analysis or Kruskal-Wallis Test with a Mann-Whitney post-hoc analysis.

RESULTS: Animals tolerated the surgery and daily loading well with no signs of distress or discomfort during loading. T2 relaxation
times, nucleus volumes, Pfirrmann, modified Pfirrmann, ORS Spine Section histo score, and gene expression are summarized in
Figure 1. Data demonstrate that punctured discs progressively degenerate from week 0 to week 16. In contrast, discs that were
allowed to degenerate for 8 weeks and then underwent cyclic loading therapy for 8 weeks showed improvements that suggest
disc regeneration.

DISCUSSION: We have demonstrated for the first time, the ability of a degenerated intervertebral disc to regenerate in response
to a non-invasive, non-pharmacologic treatment regimen. As a result of the treatment, data from every metric indicate that disc
heath, disc volume, and disc organization improved as a result of cyclic loading. Discs appeared to reverse the extent of
degeneration and data suggest that discs regenerated back to an earlier stage of degeneration and in some animals resembled
normal healthy discs.

1. [1] Urban et al. Clin Orthop Relat Res. 1982;170:296-302.
2. [2] Gullbrand et al. Spine. 2015;40(15):1158-1164.
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Introduction: Lumbar disc herniation is a common cause of lower back pain, resulting in significant socioeconomic burdens.
Unfortunately, herniation etiology is not well understood, partially due to challenges in provoking herniation in vitro [1]. Previous
studies suggested that flexion increased herniation risk. Thus, the objective of this study was to use a finite element modeling
approach to evaluate herniation risk under torque-driven flexion, which represents most in vitro setups, and the more
physiologically representative muscle-driven flexion.

Methods: Triphasic bovine caudal disc motion segment finite element models were created based on our recently validated
multiscale structure-based model, with model parameters defined from our previous work [2]. Models were developed to represent
torque-driven flexion with the instantaneous center of rotation (ICR) located on the disc, and muscle-driven flexion with the ICR
located anterior of the disc; ten cases were investigated (Figure 1A). All models were loaded in three steps: 1) free swelling in
0.15 M phosphate-buffered solution until equilibrium, 2) 0.5 MPa axial compression, and 3) 5° flexion. Model predictions of
herniation were based on AF mechanics data in the literature. Specifically, effective strain and fiber stretch were analyzed in the
posterolateral AF. Bulk disc deformation and intradiscal stress-strain distributions were also evaluated.

Results: The average effective
strain in the posterolateral inner and
outer AF was 0.25 and 0.26 before
flexion, with no elements exceeding
the failure threshold. Torque-driven
flexion did not affect the effective
strain. By contrast, as the ICR moved
anteriorly with muscle-driven flexion,
the effective strain in the
posterolateral AF increased, and
failure was predicted for Cases H—J
(Figure 1B — top). Overall, failure
was predicted in the outer AF before
the inner AF based on the effective
strain criterion.

Average fiber stretch in the
posterolateral inner and outer AF
was 1.11 and 1.07 before flexion and
increased pseudo-linearly with ICR
distance; no elements exceeded the
failure threshold pre-flexion. For the
inner AF, average fiber stretch was
1.21 in Case D, resulting in >60% of
the elements exceeding the failure
threshold. For the outer AF, the average fiber stretch did not reach the threshold until Case H, where ~50% of the elements failed
(Figure 1B — bottom). Overall, failure was predicted in the inner AF before the outer AF based on the average fiber stretch
criterion.

Discussion: Simulating flexion under a range of ICR locations helps understand intradiscal mechanics under various
physiological activities (Figure 1C). Torque- and muscle-driven flexion resulted in distinct disc mechanics, resulting in disparate
predictions for AF failure, a widely acknowledged precursor for disc herniation. Particularly, torque-driven flexion did not induce
herniation, agreeing with the limited success reported in the literature in provoking herniation through in vitro experiments.
However, muscle-driven flexion greatly increased the likelihood of in vitro herniation through the posterolateral AF, agreeing with
the AF failure location observed for herniations. In conclusion, this study provided a computational framework for designing in
vitro testing protocols that can advance the assessment of disc failure behavior.

1. [1] Wilke HJ, Kienle A, Maile S, Rasche V, Berger-Roscher N. A new dynamic six degrees of freedom disc-loading
simulator allows to provoke disc damage and herniation. Eur Spine J . 2016 May;25(5):1363-1372.

2.  [2] Zhou M, Lim S, O’Connell GD. A Robust Multiscale and multiphasic structure-based modeling framework for the
intervertebral disc. Frontiers — In Press, 05/2021.
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Introduction: Clinical papers have discussed the outcome of different treatments after lumbar disc herniations, namely
sequestrectomy versus (partial) nucleotomy. While in one study, the partial nucleotomy was superior to the sequestrectomy with
respect to reherniations (Carragee 2006), another study showed the opposite result (Thomé 2005). The aim of this in vitro study
was to use a standardized in vitro disc herniation model in order to enlighten this complex issue.

Methods: First a disc herniation was provoked in 6 cadaveric lumbar motion segments (L2/3, L3/4, L4/5, L5/S1) from four different
human donors (age: 19-53 years; sex: 3 male/1 unknown) with low disc degeneration (Pfirrmann 1-2). This herniation was
provoked by setting a standardized round annular defect of @4 mm, then the segments were dynamically loaded simulating
physiological activities such as bending forward or lifting heavy boxes, according a recently developed test method (Zengerle
2021). After the herniation different treatments were performed. In a first step, a sequestrectomy was carried out and the
specimens were loaded again in the same way as above. In a second step, independently whether a reherniation occurred or not,
the remaining nucleus material within the annular defect was removed (anulotomy) and the segments were tested and loaded
again. Finally, a partial nucleotomy was cautiously performed, again followed by dynamical loading simulating physiological
activities. Disc height, range of motion (ROM) and intradiscal pressure (IDP) were evaluated between all test steps and analysed
statistically using a Friedman-Test with Bonferroni Post-Hoc correction (a < 0.05).

Results: In all specimens, the round 4 mm defect led to a herniation using the physiological loading protocol. After removing only
the sequester with an amount of 0.06g (0.02g — 0.11g), no reherniation could be provoked. However, after the anulotomy
(additional removal of 0.05g (0.02g — 0.12g) nucleus material), one reherniation could be observed. After performing a partial
nucleotomy with dissection of significantly more nucleus material (0.38g (0.27g — 0.679)), two discs reherniated (Fig. 1). This
partial nucleotomy also led to a significant increase of ROM of about 1° (p = 0.044) and decrease of the IDP of 0.14MPa (p =
0.035), but only in lateral bending (Fig. 1). Disc height decreased remarkable only after the initial herniation, and not gradually
after performing the surgical treatments, whereas ROM and IDP did not change remarkably subsequent to the (re-)herniation (Fig.

1).

Discussion: In this study, the outcome of different surgical procedures for the treatment of lumbar disc herniations regarding
reherniation risk could be investigated under realistic dynamic conditions simulating physiological worst case scenarios such as
lifting heavy weights completely bent forward. The results of this study may support the clinical findings, that the risk of reherniation
may be lower when only performing a sequestrectomy compared to a partial nucleotomy. However, it is known from former studies
that the initial herniation risk also depends on other parameters, such as size or shape of the annular defect. Hence, those
parameters should be considered as potential risk factors for reherniations, as well.

1. Thomé C, Barth M, Scharf J, Schmiedek P. Outcome after lumbar sequestrectomy compared with microdiscectomy: a
prospective randomized study. J Neurosurg Spine. 2005 Mar;2(3):271-8. doi: 10.3171/spi.2005.2.3.0271. PMID:
15796351.

2. Carragee EJ, Spinnickie AO, Alamin TF, Paragioudakis S. A prospective controlled study of limited versus subtotal
posterior discectomy: short-term outcomes in patients with herniated lumbar intervertebral discs and large posterior anular
defect. Spine (Phila Pa 1976). 2006 Mar 15;31(6):653-7. doi: 10.1097/01.brs.0000203714.76250.68. PMID: 16540869.

3. Zengerle L, Debout E, Kluger B, Zdliner L, Wilke H-J. In Vitro Model for Lumbar Disc Herniation to Investigate
Regenerative Tissue Repair Approaches. Applied Sciences. 2021; 11(6):2847. https://doi.org/10.3390/app11062847
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Introduction. Although the stabilizing role of the lumbar musculature is appreciated, the muscles ability to recover ligamentous
injury or instability are less understood. The purpose of this experimental study was to quantify the effects of ligament injury and
muscle activation on the in vivo dynamic dorsoventral (DV) lumbar spine stiffness.

Methods. Two pairs of electrical stimulating electrodes were placed in the multifidus at L3-L4 in fifteen anesthetized prone laying
Merino sheep. Dynamic DV spine stiffness was assessed at L3 using a computer-controlled testing apparatus oscillating from
0.5 to 20 Hz. Five randomized trials were conducted at rest and during four 20 Hz supramaximal stimulation voltages (6, 8, 15,
and 20 volts). Five randomized trials were repeated following progressive injury to the interspinous/supraspinous ligament
(ISL/SSL), and again following facetectomy. The secant stiffness (ky = DV force/L3 displacement, N/mm) were determined across
44 mechanical testing frequencies and normal and injured spine states. Descriptive statistics were computed and within group
comparisons evaluated with a series of repeated measures ANOVAs with post-hoc Bonferroni correction, and condition
differences were assessed using a paired-observations t-tests (two-tailed POTT).

Results. The dynamic stiffness varied nearly 4-fold over the 0.5 to 20 Hz frequency range consistent with the viscoelastic nature
of the ovine spine. In the intact spine, muscle stimulation provided significant up to two-fold increases in ky at 43 of 44 mechanical
testing frequencies examined (p<0.034). Likewise, a significant graded increase in ky was observed for submaximal contractions
for most mechanical excitation frequencies when compared to rest (p<0.048). Injury to the ISL/SSL caused a significant loss in
spinal stiffness (p<0.05) that was able to be recovered by submaximal (8V, 15V) and maximal (20V) muscle stimulations at most
mechanical excitation frequencies (p<0.05). Facetectomy, however, caused a significant loss (P<0.05) of dynamic spinal stiffness
at all mechanical excitation frequencies which was only able to be recovered with maximal (20 V) muscle stimulation.

Discussion. Dynamic lumbar spine stiffness is dependent upon mechanical testing frequency and is appreciably decreased with

ligament and joint injuries. Certain levels of muscle stimulation can recover stiffness in ISL/SSL injury but only maximal multifidus
stimulation can recover stability in conditions of facetectomy. Quantifying the passive and active contributions of the lumbar spine
musculature to lumbar spine stiffness contributes to biomechanical modeling, surgical, and rehabilitative considerations in
instability.
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Introduction: Decreased spinal extensor muscle strength in adult spinal deformity (ASD) patients is well-known but poorly
understood. Whether this decreased strength results from altered muscle properties due to fibrosis, fatty infiltration, or other
causes, is unknown. Thus, this study aimed to investigate the biomechanical and histopathological properties of paraspinal
muscles from ASD patients and predict the effect of altered biomechanical properties on spine loading.

Methods: 68 muscle biopsies were collected from nine ASD patients (6618 years old; five males and four females) at L4-L5
(bilateral multifidus and longissimus sampled). The ASD patients comprised group | (four patients) with no sagittal imbalance (SI)
and no usage of compensatory mechanisms (CMs); group Il (three patients) with no Sl through usage of CMs; and group Il (two
patients) with S| despite usage of CMs. The biopsies were tested for muscle fiber and fiber bundle biomechanical properties (i.e.
passive elastic modulus, active specific force, in situ and slack sarcomere lengths) and histopathology. The small sample size
(due to Covid-19) precluded formal statistical analysis, but the properties were compared to literature data. Changes in spinal
loading due to the measured properties were predicted by a lumbar spine musculoskeletal model.

Results: Single fiber passive elastic moduli were similar to literature values, but in contrast, the fiber bundle moduli exhibited a
wide range beyond literature values, with 22% of 171 fiber bundles exhibiting very high stiffness, up to 20 times greater than has
been reported previously (Figure 1). Active contractile specific force was consistently less than literature values (Figure 2), with
notably 24% of samples exhibiting no contractile ability. Both in situ and slack sarcomere lengths presented a large variation, with
in situ sarcomere length exceeding literature data in most cases (Figure 3). Histological analysis of 28 biopsies revealed frequent
fibro-fatty replacement with a range of muscle fiber abnormalities (Figures 4 and 5). In general, the degree of abnormality was
more severe in patients with greater deformity. Biomechanical modelling predicted that high muscle stiffness could increase the
compressive loads in the spine by over 500%, particularly in flexed postures (Figure 6).

Discussion: The histopathological observations suggest diverse mechanisms of potential functional impairment. The large
variations observed in muscle biomechanical properties can have a dramatic influence on spinal forces. These early findings
highlight the potential key role of the paraspinal muscle in ASD.






INVESTIGATING THE ACTIVE CONTRACTILE FUNCTION OF THE RAT PARASPINAL MUSCLES
REVEALS UNIQUE CROSSBRIDGE KINETICS IN THE MULTIFIDUS

Alex M. Noonan', Thomas R. Oxland?, Stephen H. M. Brown'
1. University of Guelph, Guelph, Ontario, Canada
2. University of British Columbia, Vancouver, British Columbia, Canada

INTRODUCTION: The paraspinal muscles are responsible for moving and stabilizing the spinal column. There have been debates
regarding the functional roles of the different paraspinal muscles, in particular the multifidus and erector spinae (combined
longissimus and iliocostalis). While various aspects of paraspinal muscle anatomy, biology, and histology have been studied,
information on paraspinal muscle contractile function is almost non-existent, thus hindering functional interpretation of these
muscles in healthy individuals and those with low back disorders. The aim of this study was to measure and compare the
contractile function and force-sarcomere length properties of muscle fibres from the multifidus (MULT) and erector spinae (ES)
as well as a commonly studied lower limb muscle (extensor digitorum longus (EDL)) in the rat.

METHODS: Single muscle fibres (n = 77 total from 6 animals) were isolated from each of the muscles, chemically permeabilized,
activated by immersing them in a chamber containing a high-Ca?* activating solution (pCa 4.2) to elicit maximal force and tested
to determine their active contractile function; all fibres used in the analyses were type 1IB.

RESULTS: There were no significant differences between muscles for specific force (sFo) (p = 0.11), active modulus (stiffness)
(p = 0.63), average optimal sarcomere length (p = 0.27) or unloaded shortening velocity (V,) (p = 0.69) (Figure 1A-E). However,
there was a significant difference in the rate of force redevelopment (ktr) between muscles (p = <0.0001), with MULT being
significantly faster than both the EDL (p = <0.0001) and ES (p = 0.0001) and no difference between the EDL and ES (p = 0.41)
(Figure 1F).

DISCUSSION: Rate of force redevelopment (ktr) is a proxy
measure of the transition from non-force bearing to force
bearing cross-bridge states (i.e., weakly to strongly bound
states). The present finding suggests that multifidus has
faster crossbridge turnover kinetics when compared to other
muscles (ES and EDL) when matched for fibre type. Since
Ca?* is the driver of muscle contraction, changes in the way
the contractile apparatus handles Ca®* could affect muscle
contractile performance at the single fibre level and is
therefore one possible mechanism that could explain the
difference in ktr between muscles; future efforts will aim to
determine if the MULT handles calcium in a “unique” way,
compared to other muscles. Whether the faster crossbridge
kinetics translate to a functionally significant difference in
whole muscle performance needs to be studied further.

Figure Caption: Multifidus (MULT), extensor digitorum
longus (EDL) and erector spinae (ES) data, shown in yellow,
blue and red, respectively, for A) specific force, B) active
modulus (stiffness), C) optimal sarcomere length, D) force-
sarcomere length relationship, E) unloaded shortening
velocity, F) rate of force redevelopment (ktr). MULT had
significantly faster ktr than both EDL and ES.
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Introduction

Nucleus-replacement is an alternative surgical treatment for patients with symptomatic early-stage disc degeneration. The surgery
involves removing degenerated nucleus material (nucleotomy) from the intervertebral disc to make space for a replacement device
aiming to restore physiological function. Uptake of this surgery has been slow, predominantly due to poor performance in clinical
trials’. Clinical performance could be improved if the interaction between device and internal components of the disc is better
understood. Therefore, this study aims to non-invasively analyse internal disc interactions using 9.4T-MRI combined with digital
volume correlation (DVC), a technique that quantifies 3D tissue deformations?. Interactions will be assessed at three stages
through the surgery: intact, post-nucleotomy, and post-nucleus replacement.

Methods

Seven human (42+15years) vertebra-disc-vertebra lumbar specimens (Pfirrmann:3+1°) underwent nucleotomy followed by
nucleus replacement. 9.4T-MRIs were acquired when the samples were intact, post-nucleotomy, and post-nucleus replacement,
both in unloaded and loaded to 1kN states. Average disc heights were manually measured from MRIs and disc stiffness was
measured at each stage through axial compression tests (5 cycles to 1kN, 1Hz). Finally, a preliminary DVC analysis was
conducted on a single sample to compare internal 3D strains.

Results

From manual calculations, intact disc average axial annulus strains were higher compared to axial nucleus strains (12.34% vs
8.31%). Following nucleotomy, axial nucleus strains reduced to 6.69%, whilst axial annulus strains were similar to those at the
intact stage. The nucleus replacement reduced average axial annulus and nucleus strains compared to the intact stage (strains
of 10.20% and 7.32%, respectively). Compared to the unloaded intact disc, the average post-nucleotomy heights were 12.27%
and 10.13% lower in the annulus and nucleus, respectively. Post-nucleus replacement, disc height increased to values 7.32%
and 3.20% higher than the average intact stage in the annulus and nucleus, respectively. In terms of stiffness, nucleotomy caused
an average elastic-region stiffness drop (16.93% lower than the intact stiffness). After nucleus replacement the average elastic-
region stiffness was within 9.53% of the intact stiffness. In the toe-region of the stiffness curves, the nucleus replacement did not
restore stiffness back to the intact state (stiffness was 41.56% of the intact value). DVC-analysis identified peak minimum principal
strains in mid-annulus regions of the intact discs. These regions shifted towards the inner-annulus when denucleated, and then
back to the mid-annulus post-nucleotomy (Figure 1).

Discussion

This is the first study to capture ultra-high-field MRIs of intervertebral discs in intact, post-nucleotomy and post-nucleus
replacement states. Nucleotomy leads to a reduction in disc height, stiffness and altered internal strain distributions. The nucleus
replacement device used in this study restored stiffness to intact levels at higher loads (500N-1kN), and internal 3D strain patterns,
but failed to restore toe-region stiffnesses. Therefore, future development of devices that are able to capture the full physiological
behaviour of healthy, intact discs across all loads is recommended. Additionally, this study has shown that DVC has great potential
to non-invasively assess internal interactions between nucleus replacement devices and surrounding tissue.

1. 1.Coric et al.,Neurosurg. Spine-8, 115-120 (2008)
2. 2.Tavanaetal., J. Biomech.-102, 109604 (2020)
3. 3.Pfirrmann et al., Spine-26, 1873-1878 (2001).
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INTRODUCTION: “Locomotive syndrome” is a degenerative condition of reduced mobility due to the impaired musculoskeletal
system, which has gained increasing attention as a Japan’s health policy target. The Japanese Orthopaedic Association (JOA)
recommends “locomotion training” exercises (basically squatting and single-leg standing) to be effective in preventing “locomotive
syndrome”. However, the extent to which “locomotion training” affects body function is unknown. Therefore, a cohort study was
designed. Our objective was to clarify effects of a “locomotion training”-based rehabilitation program on the sagittal spinal
alignment and standing body balance.

METHODS: Patients who fulfilled the JOA criteria for “locomotive syndrome” were enrolled and prospectively followed in our
outpatient clinic (n = 106: age, 76.1 + 5.9 years; male:female = 12:94). While 44 patients accepted and completed our “locomotion
training”-based rehabilitation program once per week for 6 months (20-min stretching and self-exercise achievement evaluation),
41 patients denied the exercise participation but received medicinal treatment (NSAIDs, pregabalin, duloxetine, and/or tramadol).
Standing whole-spine radiographs for the spine-pelvis-lower extremity axis, ODI and SF-36 questionnaires for QOL, and
piezoelectric force-plate measurements for postural stability were taken at baseline and >6 months. The chi-squared test or
Student’s t-test was used.

RESULTS: [Exercise-intervention analysis] While there were no obvious differences in baseline sagittal vertical axis (SVA), >6-
month changes were significantly different (exercise, =5.5 + 20.0 mm; control, +5.2 + 22.6 mm: P = 0.02). In other radiographic
parameters, >6-month changes were more remarkable in the lumbar lordosis (LL) (exercise, +1.5 + 8.1°; control, -=1.3 £ 9.1°: P =
0.14), thoracic kyphosis between T5 and T12 (exercise, —-0.05 + 5.5°; control, +1.8 £ 6.0°: P =0.13), and T1 slope (exercise, 0.4
+6.3° control, +1.6 £ 5.8°: P = 0.14). Questionnaires of ODI and SF-36 did not reach statistical significance (P = 0.08). However,
in force-plate examination, the center-of-pressure area (exercise, —0.4 = 1.8 cm? control, +0.2 + 1.6 cm® P = 0.07), speed
(exercise, —0.1 £ 0.4 cm/s; +0.1 £ 0.4 cm/s: P = 0.03), and distance (exercise, —5.1 + 24.3 cm; control, +6.5 + 23.3 cm: P = 0.03)
decreased after >6-month rehabilitation. [SVA analysis] Of 40 patients with baseline SVA 240 mm, endpoint SVA improvement to
<40 mm was observed in 12 (30.0%). In the comparison between 12 patients with and 28 without improved SVA, baseline SVA
(+51.6 £ 10.2 mm; +79.5 + 34.0 mm: P < 0.01), C2-C7 angle (+10.9 + 6.0°; +19.6 £ 13.0°: P = 0.03), and hip-flexion angle (+8.1
+2.4° +11.2 £ 4.0°: P = 0.02) were significantly different. Then, >6-month changes were relatively obvious in LL (+4.6 + 9.0°;
-0.6 £ 8.1°: P = 0.08). In force-plate examination, >6-month changes were marked in the area (-1.6 + 5.3 cm? +0.2 £ 1.7 cm? P
<0.01).

DISCUSSION: This is the first study to demonstrate that “locomotion training” protects against “locomotive syndrome”-associated
positive SVA shift and improves the standing spinal balance. However, rehabilitation-induced SVA improvement is limited in
patients with advanced baseline SVA positive shift, C2—C7 hyperlordosis, and hip contracture.
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Introduction: Functional outcome measurements (FOMs) have been shown to be effective tools in diagnosing, planning
treatments, and tracking outcomes in several subspecialties of medicine. FOMSs often produce large volumes of complex data that
require sophisticated collection, storage, and analytic techniques to generate functional measures of domains such as gait
performance, postural stability, neuromuscular activity, and movement strategies. These complexities pose particular challenges
for the application of FOMs in the clinical setting where the primary focus is on patient care. Unfortunately, there are capital and
support costs associated with running and maintaining FOMs labs which pose additional hurdles that may inhibit otherwise
interested surgeons. As interest in and use of clinically-derived functional evaluations of spine patients grow, so will the need for
simple, objective measures that summarize complex data sets to create clinically-meaningful and actionable information.
Therefore, the purpose of this study was to develop and validate low-cost FOMs generated from a wearable sensor that quantifies
common movement in a home-based environment.

Methods: Twelves Lumbar Degenerative surgical candidates (LD; Age: 59.6, Height: 1.68 m, Weight: 71.5 kg) and 12 healthy
controls (C; Age: 46.1, Height: 1.74 m, Weight: 80.1 kg) participated in this study. Controls wear a small sensor (30 x 44 x 8mm,
weight: 12 grams) with a patch on T1 in addition to traditional Gait Lab sensors. Validation of the proposed sensor and common
FOMSs outcomes out of a gait lab were compared. Furthermore, subjects wore the wearable sensor for additional 24 hours. The
sensor detected different types of activities during the day (l.e. standing, walking, sitting, etc.) and also capture the patient’s level
of activity in the home-based environment (Figure 1).

Results: In comparison to a gold standard human motion capture, the wearable sensor was able to reliably measure all trunk
kinematic during standing, walking, and transition from sitting (p>0.05). Based on the sensor detection and algorithm, patients
with degenerative lumbar spinal pathologies presented with a lower level of activity (Walking:4.7%, Standing: 11.6%, Sitting:
25.3%) in comparison to controls (Walking:7.9%, Standing: 21.7%, Sitting: 17.1%; Figure 1). Balance effort and the Cone of
Economy dimensions were found to be significantly larger in LD patients (sagittal: 7.9°, coronal: 7.2°) compared to controls
(sagittal: 5.8°, coronal: 3.2°; p<0.035; Figure 2).

Discussion: The underlying purpose of this study was to validate and prove the feasibility of home-based functional outcome
measurements, which can provide relevant details in a digestible format that conveys the functional status of the patient and
raises flags for areas of concern. Such insights may lead to changes in assessments of disability, treatment strategies, or
modifications of rehabilitation regimens. Several benefits are anticipated from a wearable quantitative tool to assist with
preoperative planning for patient-specific alignment objectives, which may assist in choosing the right surgical procedure for the
right patient, recognition of red flags, leading to avoidance of surgery where it is not going to help, and also recovery monitoring,
early detection of perioperative complications, prognostic information, and treatment data.



Regenerative potential of moderately degenerated human nucleus pulposus cells subjected to
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Introduction: To develop regenerative strategies to treat intervertebral disc (IVD) degeneration, it is necessary to understand the
metabolic characteristics of the resident cells in degenerated 1VDs. Nucleus pulposus (NP) cells are exposed to changes in
hydrostatic pressure (HP) at high osmotic pressure (OP) due to compressive spinal motion and negatively charged extracellular
matrix (ECM). Our studies using bovine NP cells indicated that repetitive changes in HP at high OP stimulated the production of
NP-specific ECM. We hypothesized that human NP (hNP) cells in moderately degenerated IVDs (defined with Pfirrmann grades)
express anabolic turnover under the same regimen of HP in high OP as used for bovine NP cells. We assessed metabolic turnover
in hNP cells isolated from tissue with Pfirmann grades 2-3 or 4 under HP at high osmolality using gene expression assay and
immunohistology.

Methods: All experiments were performed under IRB approval. We measured the amounts of DNA, RNA, and sulfated
glycosaminoglycan (SGAG) in hNP tissues from subjects who underwent surgery (n=10: age 47.4+16.8 [21-69]) and then
evaluated the correlation with Pfirrmann grades. We thereafter divided hNP tissues into 2 groups according to Pfirrmann grade:
grade 2-3 (n=13: age 46.7+14.0 [22-71]), and grade 4 (n=13: age 53.0+11.5 [37-75]). NP cells/clusters were isolated and
incubated within semi-permeable membrane pouches under 2 different conditions: no HP, in which pouches were placed in culture
medium; and HP, in which cyclic HP (0.2-0.7 MPa, 0.5 Hz) was applied for 2 days followed by constant HP (0.3 MPa) for 1 day,
repeated twice over 6 days. The OP of medium was set at 450 mOsm/kg H20 with NaCl. The pouches were harvested at 3 and
6 days. The gene expression of collagen types | (COL7) and Il (COL2), aggrecan (ACAN), and matrix metallopeptidase 13
(MMP13) were measured. Immunohistology for MMP13 and TIMP2 were also performed. Three-way repeated-measures ANOVA
with the Bonferroni post hoc test was used with significance at P<0.05. Linear regression analysis was also performed to assess
the correlation between the expression of MMP13 and TIMP2.

Results: SGAG contents / DNA amounts had a negative correlation with Pfirrmann grade (R=0.69) (Grade 3, 295.8+276.0 mg/mg;
Grade 4, 32.3+21.4 mg/mg), whereas RNA amounts had no correlation with Pfirrmann grade. ACAN and COL2 were significantly
upregulated under HP in grade 2-3 compared to grade 4 (both, P<0.01). COL1 was significantly lower in both grades under HP
than under no HP at 3 and 6 days (all, P<0.01) (Figure A). Linear regression analysis showed a positive correlation between
MMP13 and TIMP2 expression in grade 2-3 under HP, but a negative correlation in grade 4 (P=0.04) (Figure B). Inmunohistology
for MMP13 and TIMP2 showed a similar trend. These results reflect the difference in inhibition capacity for catabolic upregulation
under HP between the two groups.

Discussion: Remnant hNP cells of Pfirrmann grade 2-3 under physiological stresses including HP and OP will be capable of to
regenerate by reactivating anabolic turnover in hNP cells and suppressing catabolic turnover compared to those of Pfirrmann
grade 4.
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Introduction: Pelvic incidence (PI) is a sagittal anatomical parameter of the pelvis and is known to remain unchanged. However,
recent studies found Pl increase with age. No studies have been conducted evaluating longitudinal changes in PI. Our objective
of this study was to evaluate the longitudinal change of Pl and related demographic and radiological factors.

Methods: We analyzed 84 individuals who did not undergone spinal instrumentation and were followed more than 13 years in
our institute (the mean duration of follow-up length was 14.2 + 0.8 years). Standing lumbar radiographs were taken at the initial
visit and at the final follow-up. PI, pelvic tilt (PT), sacral slope (SS), L1-S1 lumbar lordosis (LL), L4-S1 lower lumbar lordosis (LLL),
anteroposterior length of S1 upper endplate (S1UE), and pelvic thickness (PTH) were measured on both radiographs. Pelvic
height (PH) and anteroposterior pelvic length (PA) were also measured (Figure 1). All baseline and follow-up parameters were
compared using the paired t-test. Study subjects were divided into Pl change group (Pl increase more than 5° during follow-up,
n=21) and the control group (n=63) and the reference parameters were compared between groups using the t-test. Among PI
change group, changes in PTH, PH and PA (normalized by S1UE) were analyzed.

Results: The mean age at the initial visit was 49.9 + 14.6 years (range: 19-82 years). There were 27 men and 57 women. Baseline
Pl, PT, SS, LL, LLL, S1, and PTH were 50.5 + 10.0°, 15.7 + 7.7°, 34.7 + 10.7°, 45.4 + 13.2°, 33.9 * 8.5°, 41.4 + 3.8mm, and
132.0+108mm, respectively. Pl and LLL were not significantly different between initial and follow-up images. PT increased, LL
decreased during follow-up (all P<0.05). Between PI change group and the control group, age and gender were not significantly
different. In Pl change group, the baseline LL (40.3 + 15.0° vs. 47.0 + 12.3°, P=0.041) and the LLL (30.8 + 7.8° vs. 35.0 + 8.5°,
P=0.046) were lower. Among the Pl change group, PA increased (2.4 £ 0.4 to 2.6 + 0.4, P<0.001) and PH decreased (2.2 + 0.4
to 1.8 £ 0.5, P<0.001) without significant changes in PTH (3.3 £ 0.4 to 3.2 + 0.3, P=0.500)

Discussion: PI did not change significantly changed in a minimum follow-up of 13 years. However, Pl increased more than 5
degrees in 25% of cases. There was no difference in age between the group with and without PI, and there was a difference in
LL and LLL. This implies that sagittal imbalance has more influence on Pl change than age itself. In the cases where the Pl was
changed, the distance between the sacrum center and the femoral head center did not change, but changed in the form of
increasing PA and decreasing PH. A larger number of study on PI changes are additionally needed to confirm to change of PI,
and biomechnical study on PI changes are also needed to understand the change of PI.

Figure 1. Anteroposterior length of pelvis and pelvic height
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Introduction: Studies of endplate structural defects (EPSD) may further the understanding of pathoanatomical mechanisms
underlying back pain. However, with CT, as with MRI, the common measurement methods used to document EPSD have not
been validated, leaving uncertainty about what the observations represent or how accurately they capture the presence or
absence of EPSDs. This study aims to compare and determine the reliability and validity of two common EPSD assessment
methods using clinical-CT, with micro-CT as the reference standard.

Methods: Using an evaluation manual, 418 endplates on sagittal slices of clinical-CT obtained from 19 embalmed cadavers (9
men and 10 women, aged 62-91 years) were independently assessed by three raters (two experienced radiologists and a novice)
for EPSD using two methods (Brayda-Bruno: wavy/irregular, notched, Schmorl’s nodes and facture; and Feng: focal, corner, and
erosive defects), with two-week intervals between each assessment, blinded to all prior assessments. A Nominal Group Technique
was followed to resolve discordance and achieve consensus. The corresponding micro-CT from the harvested T7-S1 spines were
assessed by another independent rater with excellent intra-rater agreement (Kappa=0.955, 95%CI: 0.912-0.998). All data were
analyzed descriptively and inferentially for reliability and validity, including sensitivity and specificity, on SPSS version 22. The
study was prospectively registered at ClinicalTrial.gov (NCT04808960).

Results: Inter-rater agreement between each pair of raters was good (Kappa=0.60-0.69) for assessing the presence of EPSD
using both Brayda-Bruno and Feng assessments. However, poor agreement was observed for the assessment of specific EPSD
phenotypes according to Brayda-Bruno (Kappa=0.43) and Feng (Kappa=0.58). All normal endplates according to Brayda-Bruno
(n=151) were classified as normal using Feng. However, 26% (n=58) of normal endplates by Feng corresponded to wavy/irregular
endplates in the Brada-Bruno system for which a category did not exist in Feng. Similarly, erosion, for which Brayda-Bruno lacked
a category, was mainly (82.8%) classified as wavyl/irregular. While the majority of notched defects (n=15, 46.9%) and Schmorl’s
nodes (n=45, 79%) using Brada-Bruno’s classification were recorded as focal defects using Feng’'s. When compared to micro-
CT, fractures (n=53) and corner defects (n=28) were routinely missed on clinical-CT. Endplates classified as wavyl/irregular on
clinical CT corresponded to erosion (n=29, 21.2%), jagged defects (n=21, 15.3%) and calcification (n=19, 13.9%) on micro-CT.
Schmorl’s nodes assessed on clinical CT often represented erosion (n=16, 32%) on micro-CT and focal defects represented
endplate fractures (n=21, 27.6%). Overall, there was a sensitivity of 70.9% and specificity of 79.1% for Feng’s method, and 79.5%
and 57.5%, respectively, using Brayda-Bruno’s. Schmorl’s nodes (60%) and Focal defects (52%) had the highest sensitivity. All
EPSD clinical-CT and micro-CT dimensions significantly correlated (p<0.001), except defect depth.

Discussion: There is good reliability and support for the validity of assessing the presence of EPSD with the two classification
methods using clinical CT. However, neither method contained sufficient EPSD phenotypes to provide the needed specificity. The
Brayda-Bruno system lacked a category for erosion, and Feng lacked a category for wavyl/irregular defects. A standardized,
combined method, with a publicly available measurement atlas, is needed to improve reliability and improve specificity of EPSD
presence and interpretation.

1. Brayda-Bruno M, Albano D, Cannella G, et al (2018) Endplate lesions in the lumbar spine: a novel MRI-based classification
scheme and epidemiology in low back pain patients. Eur Spine J 27:2854-2861. https://doi.org/10.1007/s00586-018-5787-
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2. FengZ LiuY, Yang G, et al (2018) Lumbar Vertebral Endplate Defects on Magnetic Resonance Images. Spine (Phila Pa
1976) 43:919-927. https://doi.org/10.1097/brs.0000000000002450
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INTRODUCTION: The straight leg raise test (SLR) is one of the most utilized and studied physical tests in patients with low back
pain for the detection of lumbar disc herniation (LDH), showing high sensitivity and heterogeneous or low specificity. Based on in-
depth knowledge from previous studies on neural movement during the SLR on subjects with or without pathology, we were able
to add location-specific structural differentiation movements to the traditional SLR for it to better discern neural symptoms from
musculoskeletal. Hence, the test was named the extended straight leg raise test (ESLR). The differentiating movements were
ankle dorsiflexion for proximally reproduced symptoms (buttock/hamstring), and hip internal rotation for distally (below the knee)
emerged responses. The hip flexion angle was not limited to any specific angle. Having previously found that the ESLR is both
repeatable and reliable to detect sciatic patients from low back pain patients, we wanted to assess how the ESLR predicted
pathology seen on the MRI.

METHODS: 40 subjects comprised the study population, 20 in sciatic group and 20 in control group. The study controller allocated
the patients to these groups. The ESLR was performed ‘blinded’ to the subjects by two independent examiners and judged
positive/negative. After the ESLR testing, each subject’s lumbar MRI was evaluated. The MRIs were analyzed independently by
2 senior radiologists and a spine specialist. Cohen’s Kappa was calculated for the agreement of the test result. To obtain the odds
ratio (OR) for positive ESLR result for LDH or nerve root compression (NC), a binary logistic regression analysis with subjects’
age, gender, height and weight was performed. ESLR’s validity was assessed by combination of interrater agreement (Cohen’s
Kappa) of independent examiners and percentage prevalence of both LDH and NC.

RESULTS: The extended straight leg raise test (ESLR) showed almost perfect interrater reliability between examiners and ability
to detect sciatic patients: Cohen’s Kappa was 0.85 between blinded examiners, and 0.90 and 0.95 when compared to group
allocation, respectively. In the MRI scans, 85% of sciatic (ESLR+) patients had LDH and 75% NC in the MRI. Not surprisingly,
MRI showed a very high incidence of ‘false-positive’/pathologic/asymptomatic findings with the ESLR negative group. A positive
result in the ESLR was found to be highly predictive for both LDH and NC: the OR was 8.0 (p = 0.028) and 5.6 (p = 0.041),
respectively.

DISCUSSION: The ESLR showed high repeatability, reliability and validity in detecting neural symptoms and pathology seen in
the MRI when judged positive. It is noteworthy that these results were obtained when the ESLR was performed to the patients
blindly, and its performance should even improve in detecting patients experiencing sciatic symptoms when its combined to the
normal patient history and clinical examination.
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Introduction: Nutrients that nourish cells in the avascular disc diffuse from the vertebral capillaries, across the cartilage endplate
(CEP), and into the nucleus pulposus (NP). Thus, the composition of CEP tissue and subchondral bone marrow may play
important roles in disc health by influencing nutrient diffusion and vertebral perfusion. However, the relative roles of these factors
in disc degeneration have not been quantified. The goal of this study was to use biomarkers of tissue composition derived from
quantitative MRI to establish how CEP composition (surrogate for permeability) and vertebral bone marrow fat fraction (BMFF,
surrogate for perfusion) contribute to disc degeneration in humans. This knowledge could help clarify the etiology of disc
degeneration and identify factors impacting the efficacy of regenerative intradiscal biologic therapies.

Methods: MRI data from 77 patients were included in this study. Sixty subjects had chronic low back pain (cLBP; >3 month
duration; age=40.0+11.9 years, 19-65 [mean+SD, min—max]; 28 female, 32 male; ODI=26.1+14.6; VAS=6.5+2.4,) and 17 were
asymptomatic controls (age=41.4+10.9 years, 23-67; 9 female, 8 male). Ultra-short echo-time (UTE) MRI was used to calculate
CEP T2* relaxation times (reflecting biochemical composition and permeability), chemical shift encoding-based water-fat MRI was
used to calculate vertebral BMFF (proportional to the amount of hematopoietic marrow and providing a proxy for perfusion), and
T1p MRI was used to calculate T1p relaxation times in the NP (NP T1p, reflecting proteoglycan content and degenerative grade).
A combination of neural network-generated and manually-generated segmentations for levels L4—S1 were used for biomarker
analysis (Fig. 1). Univariate linear regression was used to assess the independent effects of CEP T2* and vertebral BMFF on NP
T1p. Mixed effects linear regression accounting for spinal level, age, and sex were used to assess combined relationships.

Results: CEP T2* and vertebral BMFF were independently associated with NP T1p (p=0.014 and 0.0001, respectively). After
adjusting for age, sex, and spinal level, NP T1p remained significantly associated with CEP T2* (p=0.004, Table 1) but not
vertebral BMFF (p=0.40). The relationship between disc degeneration and CEP composition was similar in cLBP and
asymptomatic cohorts (p=0.59 for the interaction between cohort and CEP T2*). In this age-adjusted model, the severity of disc
degeneration was also similar between cohorts (mean NP T1p=64.2 ms [95% CI: 59.7, 68.6] versus 71.8 ms [63.8, 79.7], cLBP
versus control, p=0.09).

Discussion: These results provide the first evidence that lumbar disc degeneration severity associates with compositional deficits
in the CEP. We found that CEPs with lower T2* values—reflecting lower CEP hydration, lower GAG content, a higher ratio of
collagen-to-GAG, and lower permeability—were associated with more severe disc degeneration. Unlike vertebral BMFF, CEP
composition was a significant predictor of disc health after accounting for co-variates, demonstrating the relative importance of
CEP composition in disc degeneration in humans both with and without cLBP and with and without deficits in vertebral perfusion.
The UTE-derived CEP T2* biomarker may be a promising diagnostic measurement to help select patients with adequate CEP
composition to support intradiscal biologic therapies, which inherently increase nutrient demands.
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Introduction: Hydrogels are playing an increasingly important role in the development of regenerative approaches for the
intervertebral disc (IVD)'2. Since there is limited availability of native human discs for research and often animal models do not
mimic human disc degeneration, testing the biomechanical performance of a hydrogel after implantation remains difficult. The
objective of the present study was to adapt and optimize an in vitro model of bovine tail discs for biomechanical testing. Discs
were artificially degenerated with different enzymes and the distribution of a hydrogel after injection was investigated.

Methods: In total, four groups of motion segments (CY3/4, n=6/group) were prepared from 24 fresh bovine tails and embedded
in PMMA. Each group was injected with 0.25 or 5 U/mL chondroitinase ABC (ChABC), 65 U/mL papain or PBS (sham control),
and cultured for 7 days (6% O2, 37°C). Complex loading was applied to diminish the swelling of the discs after culture. As much
as possible of a radiopaque albumin/hyaluronan hydrogel (Albugel) was injected and the injected volume quantified. uCT scans
were performed after injection to view the material distribution within the discs. After each step, the biomechanical behavior of the
motion segments namely range of motion (ROM) and disc height were determined. Statistics: Shapiro-Wilk, Mann-Whitney-U,
Friedman, Bonferroni-post-hoc (p<0.05).

Results: At day 7, all specimens digested with papain developed a cavity in the nucleus, in all other three groups the nucleus
seemed macroscopically intact. After incubation, the ROM for papain remained unaltered in comparison to intact specimens
(p=1.000), whereas PBS and ChABC groups became stiffer, i.e. ROM decreased (p<0.250). Only following complex loading, the
ROM significantly increased in all groups versus intact, with the most prominent increase for papain in axial rotation (p<0.028).
More hydrogel could be injected into the papain group (1.3+0.3mL) than into ChABC-5U-digested discs (0.7+0.25mL). uCT
reconstruction of the IVDs showed one large bubble for papain and a more inhomogeneous fluffy-cloud-like distribution of the
hydrogel in ChABC-5U-digested specimens (Fig. 1). The hydrogel decreased the ROM in both digested groups compared to the
intact condition, more strongly in the ChABC-5U- than in the papain-digested group (Fig. 2, exemplary flexion-extension).

Discussion: The ROM increase and loss of disc height, as well as cavity formation in the papain-treated group indicate a similar
behavior as described for human discs with cavities, e.g., due to disc herniation or nucleotomy®. This allows the targeted simulation
of such pathologies. ChABC more closely mimics human degeneration occurring without cavities. The lower concentration of
ChABC led to little effects and could mimic mild degeneration, whereas the higher concentration is suitable to simulate progressed
degeneration. Both ChABC-5U and papain allowed standardized hydrogel injections and testing.However, differences in hydrogel
distribution and injectable volume could be noticed. We hypothesize that the specific digestion of glycosaminoglycans by ChABC
may lead to different structural defects than papain. These results have improved our overall understanding of the biomechanical
effects (especially ROM) of IVD tissue digestion with ChABC and papain, and suggest that hydrogels can be investigated with
these models.

Acknowledgments: iPSpine (825925).
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INTRODUCTION: The newly developed chimera decoy oligodeoxynucleotide (CDODN) improves on the NF-kB decoy
oligodeoxynucleotide (NDODN), with binding sequences for two transcription factors, NF-kB and STAT-6, which are associated
with the gene expression of inflammatory cytokines. In this study, we hypothesized that CDODN would inhibit the inflammatory
response of intervertebral disc (IVD) degeneration. First, the short-term (4 weeks) and long-term (12 weeks) effects of a CDODN
injection in IVDs in the rabbit anular-puncture model were characterized. The recovered nucleus pulposus (NP) tissues from the
4-week group were transplanted on nude rat dorsal root ganglion (DRG) as a xenograft transplant to assess potency for pain
generation; pain generation was assessed by behavioral testing.

METHODS:

Rabbit anular-puncture and injection of CDODN: Five-month-old female
NZW rabbits (n=64) received anular-puncture in two non-consecutive
lumbar IVDs (L2/3 and L4/5). Four weeks later, 10 ul of either phosphate-
buffered saline (PBS), NDODN (100 ug in PBS), or CDODN (10 or 100
pug in PBS) was injected into the punctured IVDs. Rabbits were
euthanized at eight weeks or 16 weeks after the initial anular-puncture.

Radiographic analysis of Disc Height Index: IVD height was expressed
as disc height index (DHI) from lateral radiographs of the lumbar spine
obtained at two-week intervals, up to 16 weeks, after the initial puncture.
The average percent change in DHI of injected IVDs was calculated for
each postoperative disc as a ratio to its preoperative DHI and then further
normalized to the unpunctured L3/4 IVD (normalized %DHI).

Magnetic Resonance Imaging Analyses: The average degeneration of
the injected IVDs were calculated by the Pfirrmann grade using T2
weighted sagittal images obtained from MRI examinations on post-
sacrifice isolated spine segments.

Nude rat disc xenograft radiculopathy model: Degenerated NP tissue
from the injected IVDs of the anular-punctured rabbits were placed on the
L5 right DRGs of female nude rats (n=32) as xenografts to assess pain
induction.

Mechanical allodynia: Mechanical allodynia was evaluated in nude rats
using the 50% paw withdrawal threshold response to mechanical
stimulation by Von Frey hair filaments for both hind paws.

RESULTS:

Radiographic analysis of normalized %DHI: (Fig 1): Two-way ANOVA
analysis for normalized %DHI showed a significant difference between
the CDODN and PBS group (p<0.05). At 16 weeks post-puncture, the
NDODN 100 pg and CDODN 100 ug groups showed significantly higher
normalized % DHI than the PBS group (p<0.05).

MRI Analyses: (Fig 2): The Pfirrmann scoring showed lower tendency
(less degeneration) in the CDODN 10 and 100 pg groups compared to
the PBS group (p=0.094, p=0.088. respectively).

Mechanical allodynia: (Fig 3): Rats transplanted with NDODN 100 ug,
CDODN 10, and 100 pg-treated rabbit degenerated rabbit NPs exhibited
reduced mechanical allodynia compared to rats transplanted with PBS-
treated rabbit degenerated NPs (p<0.01).

DISCUSSION: A CDODN intradiscal injection showed a significant

improvement in IVD height preservation and tendency to be different in

MRI scoring and indicates that the suppression of both NF-kB and STAT

6 may attenuate disc degeneration. The decreased inflammation also
corresponded with less pain generation in the nude rat radiculopathy model.
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INTRODUCTION: Inflammation is one of the hallmarks of intervertebral disc (IVD) degeneration. Next to other characteristics of
IVD degeneration, such as extracellular matrix (ECM) degradation and cell loss, inflammation is of particular relevance since it
can lead to innervation and the development of pain, hence making IVD degeneration one of the major contributors to low back
pain. Toll-like receptors (TLRs) are well-known regulators of inflammation and amongst the numerous TLRs present in human
IVD cells, TLR-2 is of specific relevance in the degenerative process. It has been shown that its expression correlates with
increasing degrees of disc degeneration [1] and that TLR-2 can be activated by damage-associated molecular patterns,
inflammatory mediators accumulating in the IVD tissue due to ECM degradation [2]. MicroRNAs (miRNAs) play a crucial role in
regulating gene expression and intracellular signaling, being very strong post-transcriptional regulators. Multiple pathologies have
been associated with the dysregulation of miRNAs, including degenerative diseases such as IVD degeneration [3]. However, the
role of miRNAs in TLR signaling in the IVD is still poorly understood and was hence investigated in this study.

METHODS: TLR-2 signaling was activated in human Nucleus pulposus (hNP) and Annulus fibrosus (hAF) cells (n=5) isolated
from degenerated IVDs (Pfirrman grade: 3-4) with the TLR-2/6 agonist PAM2CSK4 (100 ng/mL for 6 hours) and TLR-2 knockdown
(siRNA) cells served as a control. MiRNA and mRNA were isolated for lllumina small RNA sequencing and RT-gPCR analysis,
respectively. Furthermore, cell supernatants were used to analyze proinflammatory cytokine secretion with enzyme-linked
immunosorbent assay. Differentially expressed microRNAs identified by next-generation sequencing (NGS) were validated in hNP
(n=5) and hAF (n=4). Target and pathway prediction of miRNAs was performed with the miRabel prediction tool (http://bioinfo.univ-
rouen.fr/mirabel/). Statistical analysis was conducted by performing Kolmogorov-Smirnov test and a two-tailed Student’s t-test, as
well as Shapiro-Wilk test for normality and one-way ANOVA using GraphPad Prism version 9.0.2 for Windows (GraphPad
Software).

RESULTS: The activation of the TLR-2 signaling pathway resulted in significant changes in the miRNA profile of human IVD cells.
We identified 10 differentially expressed miRNAs by NGS (Figure 1). TLR-2 activation was confirmed by detecting a significant
increase in protein secretion of IL-6 (30.5+8.1pg/mL) and IL-8 (28.9+5.4pg/mL) compared to untreated cells. TLR-2 knockdown
was confirmed by RT-qPCR (77.7+3.5%). Amongst the miRNAs identified, the differential expression of miR-100-5p and miR-
155-5p was confirmed with RT-qPCR showing the most significant TLR-2 dependent decrease and increase, respectively (Figure
2-3). These effects were fully or partially reversed in TLR-2 knockdown cells. Pathway prediction of these miRNA shows their
involvement in signaling pathways downstream of TLR-2 such as MAPK, Wnt, and NF-kB signaling, as well as other inflammation
and mechanosensing related pathways (Figure 4).

DISCUSSION: The TLR-2 associated dysregulation of miR-100-5p and miR-155-5p presents a link between TLR signaling and
other inflammatory cell signaling pathways as well as multiple signaling pathways relevant to the degenerative process in the IVD.
Ongoing experiments will further elucidate the functional role of these miRNAs in IVD pathophysiology, with a specific focus on
inflammatory cell response and mechanoregulation.
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INTRODUCTION: Chronic inflammation is a major feature of intervertebral disc degeneration (IVDD)' that contributes to back
pain. TNFa, a key regulator of pro-inflammatory cytokines is increased in IVDD and often used to initiate the painful IVDD
degenerative conditions in various models."? However, TNFa alone underrepresents the cocktail of cytokines released from
degenerated IVDs which are not well-characterized."3* This study quantified inflammatory cytokines in IVD tissues isolated from
surgical patients, and then developed an in-vitro human AF cell culture model that recapitulates the clinical IVDD conditions by
treating target AF cells with conditioned media (CM) generated from anterior discectomy and fusion (ADF) surgical IVD tissues
as compared to TNFa. We hypothesized that CM is comprised of multiple pro-inflammatory cytokines that will initiate a robust
IVDD phenotype in-vitro.

METHODS: IVD specimen collected from ADF patients were cultured to generate conditioned media (ADF-CM), which was
analyzed using a 48-Plex inflammatory cytokine array. Human AF cells isolated from these subjects were divided into groups with
the following conditions: i) Basal ii) TNFa supplementation (TNF) and iii) CM and analyzed for cell proliferation/morphology,
metabolic activity and gene expression. Statistical differences were analyzed using ONE-WAY ANOVA with Tukey’s post-hoc test
(p=<0.5).

RESULTS: CM had significantly higher levels of several IVDD and pain related cytokines including TNFa, RANTES, IL-6 and the
angiogenic marker VEGF) (Fig.1) as well as 26 additional inflammation-related cytokines (not shown). CM challenged AF cells
showed substantially reduced cell numbers and formation of long stress fibers and debris from dead cells within the media (Fig.
2A). MTT quantified these findings by showing a significantly reduced optical density (OD) of AF cells in CM indicating greatly
reduced cellular metabolic activity, and consistent with cell damage and death observed on imaging (Fig. 2B). AF cells cultured
in CM showed a significant downregulated expression of Col/7a7 and an upregulation of Acan (Fig 3A) and somewhat increased
pro-inflammatory cytokines IL-18 (p=0.0872), IL-6 (p=0.1160) and TNFa (p=0.1065) compared to basal (Fig 3B).

DISCUSSION: This study demonstrates that ADF-CM contains a cocktail of cytokines related to IVDD and pain. ADF-CM induces
significant changes in cell proliferation, metabolic activity and gene expression on challenged AF cells that were substantially
larger than TNFa alone and may more closely mimics IVDD microenvironment conditions. Therefore, many more factors than
TNFa need to be considered when trying to mimic IVDD. The significantly reduced relative OD, elongated stress fibers and cellular
debris demonstrates cell death from ADF-CM indicated that target AF cells are unlikely to recover after 3 days of CM treatment
and suggests this human VDD culture model can be titrated down to have lower duration and/or concentration. Importantly, AF
cells from ADF tissue, once isolated were able to recover in basal conditions, suggesting rescue of these native AF cells may be
possible if the challenge of these multiple cytokines can be managed. In conclusion, we established an in-vitro model using
surgical ADF-CM that promotes a robust IVDD phenotype on target cells for prevention screening or treatment screening after
optimizing severity of the model
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INTRODUCTION: The intervertebral disc is the largest avascular, low nutrient organ. Autophagy is an important cell survival
mechanism by self-digestion and recycling damaged components under stress, primarily nutrient deprivation. We hence
hypothesized that resident cells would utilize autophagy to cope with the harsh disc environment. However, pharmacological
autophagy inhibitors elicit effects through modulating intracellular signaling or lysosomal acidification, thereby including multiple
confounders. Our objective was to clarify specific roles of autophagy in in-vitro human and in-vivo rat disc homeostasis through
RNA interference (RNAi)-mediated knockdown of autophagy-related gene 5 (Atg5), essential for autophagy.

METHODS: In human disc nucleus pulposus cells collected during lumbar interbody fusion surgery (n = 25: age, 63.0 + 5.3 years
old; 8 males and 17 females; Pfirrmann degeneration grade, 3.4 + 0.2), autophagy inhibition by RNAi of Atg5 was tested. Cell
viability with levels of autophagy including Atg5 expression, apoptosis, and senescence was assessed under serum starvation
and/or pro-inflammatory interleukin-1 beta (IL-1) stimulation. In rat tail disc tissues (n = 28, 12 weeks old, all males), autophagy
was monitored following Alexa Fluor® 555-labeled Atg5-small interfering RNA (siRNA) injection. Furthermore, radiographical and
histological disruption with the incidence of apoptosis and senescence induced by 24-h temporary static compression at 1.3 MPa
was observed for 56-d time-course. The paired t-test or one-way repeated measures or two-way analysis of variance with the
Tukey—Kramer post-hoc test was used.

RESULTS: [In-vitro study] In human disc cells, Western blotting showed that serum deprivation and IL-1B stimulation increased
autophagy marker LC3-1l and decreased autophagy substrate p62/SQSTM1, indicating enhanced autophagy. Then, multiple Atg5
siRNAs with different sequences consistently suppressed autophagy through decreases in Atg5 protein (26.8-27.4%, P < 0.0001).
Cell viability was kept by Atgs RNAi in serum-supplemented media (95.5%, P = 0.28) but reduced in serum-free media (80.4%,
P =0.0013) with IL-1B (69.9%, P = 0.0008). Moreover, Atgd RNAi accelerated IL-1B-induced increases in expression of apoptosis
and senescence markers in Western blotting, TUNEL staining, and SA-B-gal staining. Meanwhile, Atg5 RNAi less affected IL-183-
induced catabolic MMP-3 and MMP-13 release, down-regulated anabolic aggrecan and Col2a1 gene expression, and MAPK-
pathway activation. [In-vivo study] In rat tail discs, immunofluorescence detected intradiscal signals for the Alexa Fluor® 555-
labeled Atg5 siRNA at 2-d, 28-d, and even 56-d post-injection. Western blotting also found 2-d, 28-d, and 56-d autophagy
suppression with Atgs knockdown (P = 0.003-0.03). Under 24-h temporary static compression, Atg5 siRNA-injected loaded discs
presented up to 56 d radiographic height loss (P = 0.001-0.03), histomorphological damage (P = 0.0003-0.002), and increased
immunofluorescent positivity for apoptotic TUNEL and senescent p16/INK4a (P < 0.0001).

DISCUSSION: This in-vitro and in-vivo loss-of-function study findings suggests that Atg5-dependent autophagy primarily protects
against human and rat disc cellular apoptosis and senescence rather than extracellular matrix catabolism. Then secondarily,
enhanced cell survival by autophagy could favorably contribute to the maintenance of disc homeostasis under long-term stress
conditions. Autophagy is thus a potent new molecular therapeutic target for intervertebral disc disease.
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Introduction

Lumbar disc herniation (LDH) is a common condition with considerable impact on individual’'s everyday life. In general, surgical
treatment of disc herniation leads to fast leg pain-relief and a majority (75%) of the patients are satisfied with the surgical outcome
(1). However, some patients experience continuous back pain and later undergo surgical procedures for their back pain problem,
as fusion or disc prosthesis surgery. Our hypothesis was that preoperative characteristics on magnetic resonance imaging (MRI)
representing a more degenerated disc would be associated with poorer outcome after surgery. The aim here therefore was to
study if there was any association between preoperative IVD characteristics on MRI and back pain and back pain related disability
1-year postoperatively.

Methods

A total of 375 patients that had undergone lumbar disc herniation surgery at one
hospital and been registered in the Swedish national spine surgery register
(Swespine) 2012-2017 were identified. All patients with registered 1 year follow-
up patient reported outcome measure (PROM) questionnaires (NRS, ODI,
Global assessment (GA)) in Swespine and where the preop MRI could be
localized were included in the study, n=218. Based on each of the 1-year
reported PROM’s patients were divided into two groups: “unsuccessful” or
“successful” PROM’s. On the MRI each herniated IVD was outlined on three
consecutive T2-weighted midsagittal slices using semi-automated
segmentation (Fig 1) and the mean signal intensity (MSI), standard deviation of
signal intensity (SDSI) and SDSI/MSI of the midsagittal part of the IVD were
calculated for the groups of patients. Further, to evaluate regional
characteristics, each IVD was divided into 5 equally sized subregions, region of
interest (ROI), based on the total midsagittal length of the IVD, ranging from 1
(anterior) to 5 (posterior). The different signal intensity measures between

patients with “successful” versus “unsuccessful” surgical outcome were

compared.

Results

The study population (n=218) had a mean age of 42.4 years at the time
of surgery and consisted of 51.8% women. At 1-year follow-up they reported mean NRS back 2.9 (SD 2.7), and mean ODI 21.6
(SD 19.6). Descriptive statistics of the dichotomized groups based on PROM's are described in Table 1. No statistically significant
differences in signal intensity measures of the midsagittal part of the IVDs were found between the 1-year PROM outcome groups.
The distribution of signal intensity measures (MSI, SDSI and SDSI/MSI) of the whole midsagittal part of the IVDs for the different
groups are displayed in 2. For the subregion’s (ROI 1-5), no significant difference was found, except for SDSI in ROI 4 (p=0.045)
comparing the NRS outcome groups.

Discusssion

This study could not prove any relationship between IVD characteristics and surgical outcome for most of the measurements. The
only association found was for the SDSI of ROI 4 in the NRS back outcome group, where a small, but significant difference was
detected. Based on the findings, the hypothesis could not be proven, implying that the disc characteristics measured here are not
detailed enough and/or that experiencing continuous back pain after LDH surgery are multifactorial.



1.

1.Fritzell P HO, Gerdhem P, Abbott A, Songsong A, Parai C, et al. 2018 Anual report - Fullow up of spine surgery
performed in Sweden in 2017. SWEDISH SOCIETY OF SPINAL SURGEONS. 2018.



Assessment of different nucleotomy techniques using ultra-high resolution MRI

Tamanna Rahman’, Nicoleta Baxan', Robert T Murray', Saman Tavana', Thomas P Schaer? Nigel Smith?, Jonathan
Bull4, Nicolas Newell'

1. Imperial College London, London, United Kingdom

2. University of Pennsylvania School of Veterinary Medicine, Philadelphia
3. University College London, London, United Kingdom

4. BARTS Health NHS Trust, London, United Kingdom

Introduction

Nucleus pulposus replacement has the potential to be an early treatment for younger patients’, who require a spinal surgery?. The
surgery involves removal (nucleotomy) and replacement of the native degenerated nucleus with a material designed to restore
the segment’s biomechanical properties. Multiple techniques have been considered for nucleotomy, but a detailed quantitative
comparison of them is lacking. This study aims to compare three nucleotomy techniques: forceps, automated-shaver and laser.

Methods

Fifteen human (40+13years) vertebra-disc-vertebra lumbar specimens (Pfirrmann:3+1%) were split into three groups of five, with
each group assigned to a nucleotomy-technique. A posterolateral approach was used to insert 3mm-diameter forceps, an
automated-shaver (Nucleotome®), and an 18G needle for laser-nucleotomy. The laser-nucleotomy followed methods reported in
literature (1200J, 1s pulses at 10W). To compare changes in disc stiffness each specimen was axially compressed to 1kN (5
cycles at 1Hz) both when intact and after nucleotomy. T2>-weighted MRIs were acquired at 9.4T pre- and post-nucleotomy and
used to quantify disc height change and volume of disc material removed.

Results

The automated-shaver group reported the largest reduction in disc height, with 13.15£1.63% (9.13+£1.13mm), compared to
6.57+1.23% and 0.69+0.13% from the forceps and laser groups, respectively. The automated-shaver and forceps removed similar
volumes of disc material (2.51£1.10% and 2.76+1.39%, respectively), whilst the laser removed a considerably smaller volume
(0.12+ 0.07%). The automated shaver group had the smallest reduction in stiffness post-nucleotomy (8.74+0.86%) while the
forceps and laser groups had drops of 22.31+5.53% and 15.93+4.49%, respectively. The automated-shaver removed the largest
dry-nucleus mass, 0.25+0.07g compared to the 0.23+0.01g removed by the forceps, meanwhile, the laser removed 0.23+0.04g
of wet-nucleus mass (dry-mass could not be calculated for this technique).

Discussion

The automated-shaver created more homogeneous cavities compared to forceps. Conversely, laser ablation formed localized
cavities (Fig.1). The small volume of material removed, suggests that the laser-parameters used in this study are not suitable to
ablate the large volumes that are required for nucleus-replacements without causing severe thermal damage. Optimising
parameters such as power and frequency may however render the technique suitable. The damage to the annulus could not be
fully quantified using the MRIs therefore, the change in disc stiffness was used as a marker to assess this effect*®. The automated-
shaver removed similar masses of nucleus as the forceps, with the advantage of a smaller annulus incision and change in stiffness,
suggesting that it may be the most appropriate technique to achieve nucleotomy for nucleus replacement surgery.

1.Coric et al., Neurosurgery Spine-8, 115-120 (2008).
2.Dang et al., Musculoskeletal Disorder-8, 1-4 (2007).
3.Pfirrmann et al.,Spine-26, 1873-1878 (2001).

4 latridis et al.,Biomechanics-38, 557-565 (2005).

5.Bezci et al., Biomechanical Engineering-137, 1-8 (2015).
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Long-Term Nucleus Pulposus Replacement Mitigates Disc Degeneration in a Caprine Model
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Introduction: Lumbar intervertebral disc degeneration (IVDD) impacts up to 90% of the aged population, with > 25% of Americans
reporting low back pain (1, 2). Early degenerative changes typically occur in the central nucleus pulposus (NP), where progressive
dehydration from proteoglycan loss compromises mechanical function. Our team has developed a non-crosslinked injectable NP
replacement hydrogel based upon a polyvinyl alcohol and polyvinyl pyrrolidine co-polymer, treated with polyethylene glycol to
yield a thermally processible hydrogel with 59-66% water. The objective of this study was to use chondroitinase ABC (CABC) to
induce VDD through degradation of NP proteoglycans (4) and then treat with our injectable hydrogel.

Methods: Three adult goats (50-80kg) underwent intradiscal injection of 1.5U CABC to induce IVDD at levels L1-2, L2-3, and L4-
5(4). Two weeks later, the degenerated NP was replaced with injectable hydrogel under fluoroscopic guidance (Fig. 1) in levels
L2-3 and L4-5; level L1-2 served as an untreated degenerated control (CABC) and level L3-L4 served as a native negative control.
All animals recovered uneventfully and were maintained in a 20x30ft pen for 2.5-3-years. Animals were evaluated daily for pain,
lameness, and neurologic deficits. Monthly standing lateral radiographs were used to calculate disc height index (DHI) through
MatLab (5). After 2.5-3 years, contrast-enhanced MRI at 3T was performed to obtain T1 maps before and 30 minutes post-
administration of 0.1 mmol/kg gadodiamide to assess trans-endplate small molecule diffusion, which is shown to be reduced with
progressive end plate ossification seen in IVDD (6,7).

Results: After a minimum of 2.5 years, 4
of 6 hydrogels injected remained in the
IVD (Fig. 2). In one animal, delivery
assembly malfunction during injection
caused dorsal rupture of the annulus
fibrosus (AF) and hydrogel leakage into
the vertebral canal. One hydrogel
migrated laterally into the surrounding
soft tissue at 20 months post-operatively.
No lameness or neurologic deficits were
observed. Longitudinal DHI showed
hydrogel-treated discs maintained the
same height as non-degenerated discs
(Fig. 3). Contrast-enhanced T1 MRI
revealed no difference in end-plate
diffusion between hydrogel-treated and
native discs. However, there was a
reduction in T1 relaxation time change
from pre- to post- contrast injection when
comparing native discs to CABC only
discs, suggesting that small molecule
trans-endplate diffusion was reduced in
untreated degenerating discs (Fig. 4).

Discussion: Taken together, our clinical
findings demonstrate that hydrogel NP replacement mitigates disc degeneration and end-plate changes in an animal model of
IVDD. These results are promising in support of minimally invasive injectable therapies for hydrogel-augmentation in early-onset
human IVDD. This study has a small sample size, making statistical differences difficult to detect given the heterogeneity of
measurements. Ongoing work is focused on increasing sample size and performing correlations across quantitative measures of
native, hydrogel treated, and untreated degenerating discs (CABC).

. Cheung+ Spine 2009

. Deyo+ Spine 2006

. Shankar+ Tech. Reg. Anesth. Pain Manag. 2009
. Gullbrand+ Osteoarthr. Cartil. 2017

. Akeda+ BMC Musculoskelet. Disord. 2015

. Ashinsky+JBMR, 2020

. Moore Eur. Spine J. 2006

Nookwbh=
~NoO AWM



Machine learning analysis of spinal movements to differentiate chronic low back pain
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Introduction: Low back pain is prevalent and severe, yet difficult to treat. Chronic low back pain (cLBP) — is particularly
challenging, in that both the source of the pain, as well as its severity may be multifactorial and patient-specific, depending on
various aspects of the patient’s psychological and social status, biological factors, and previous injury history [2]. One promising
area of research is the use of changes in patient motion patterns to biomechanically phenotype different sources of low back
pain. To this end, previous studies have attempted to differentiate between subjects with and without cLBP through quantitative
analyses of spinal motion with promising results. The eventual goal of this study is to apply the same process to differentiate
more specific motion characteristics, likely at the segmental level, and then to objectively track treatment progress by means of
return to healthy biomechanical function. The purpose of this research is to continue the analysis of healthy and symptomatic
spinal motion by including additional features of interest and a broader range of functional movements to determine which features
statistically differ between healthy and cLBP subjects and how well those features detect cLBP.

Methods: Data were collected from 25 subjects (10 healthy and 15 with cLBP) as they performed a variety of single planar and
functional movements with inertial measurement units (IMUs). The IMUs were placed on the sacrum, L4 spinous process, and
C7 spinous process to record the subjects’ angular velocity, acceleration, and jerk (the rate of change of acceleration) at each of
these spinal levels. The motion features from each level for each movement were grouped by health status (healthy and cLBP)
and tested for statistical significance differences between group means using t-tests analyses (a p-value of 0.05 or less was
considered statically significant). Additionally, a classification machine learning model was developed using a k-nearest neighbor
algorithm to predict subject health status.

Results: The t-tests revealed statistically significant differences between the healthy and cLBP motion features during several
functions, especially for the L4 spinous process velocity and jerk. Figure 1 shows example data for a single activity (Flexion+Left
Axial Rotation). The machine-learning model was able to predict subject health with 76% accuracy. The model was evaluated
with a 10-fold cross validation using an optimized k-value of 5. Additional subject data will be useful for further model refinement
and testing.

Discussion: Our results indicate that spinal kinematic information, specifically velocity and jerk during functional movements,
clearly differentiates between healthy and cLBP subjects. We hypothesize that with a higher sample size and more detailed
phenotyping information, kinematic information may also be used to identify specific sources of pain and treatment paradigms for
cLBP patients.

Acknowledgements: This research was supported by NIH grant UH3AR076723.
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Validation of an automated, artificial-intelligence-based system for grading radiological
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INTRODUCTION Magnetic resonance imaging (MRI) is used to detect degenerative changes of the lumbar spine. SpineNet (SN),
a computer vision-based system, performs an automated analysis of degenerative features in MRI scans aiming to provide high
accuracy, consistency and objectivity (1). This study aimed to externally validate SN’s ratings against those of an expert
radiologist.

METHODS MRIs of 882 patients (mean age, 72 + 8.8 years) with degenerative spinal disorders from two previous trials carried
out in our spine center between 2011 and 2019, were analyzed by an expert radiologist. Lumbar segments (L1/2 — L5/S1) were
graded for Pfirrmann Grading (PG), Spondylolisthesis (SL) and Central Canal Stenosis (CCS). SN’s analysis for the equivalent
parameters was generated. Inter-rater agreement was analyzed using kappa coefficients and Spearman correlation (Rho)
coefficients and class average accuracy (CAA).

RESULTS 4410 lumbar segments were analyzed. Depending on the vertebral level in question, kappa statistics showed moderate
to substantial agreement between the radiologist and SN for PG (range for kappa, 0.63-0.77 (all vertebral levels together, 0.72),
CAA 45-68% (all levels together, 55%), Rho 0.64-0.79 (all levels together, 0.72)); slight to substantial agreement for SL (kappa
0.07-0.60 (all levels together, 0.63), CAA 47-57% (all levels together, 56%), Rho 0.13-0.64 (all levels together, 0.36)); and slight
to substantial agreement for CCS (kappa 0.17-0.57 (all levels together, 0.60), CAA 35-41% (all levels together, 43%), Rho 0.32-
0.74 (all levels together, 0.57). Considering all vertebral levels together, SN indicated more severe disc degeneration (PG) but
less severe SL and CCS than did the radiologist (p<0.01).

DISCUSSION SN would appear to be a robust and reliable tool with the ability to grade degenerative features such as PG, SL or
CCS in lumbar MRIs with moderate to substantial agreement compared to the current gold-standard, the radiologist, and with
kappa values for agreement comparable to those reported in the literature for interrater reliability between any two radiologists. It
represents an effective and efficient alternative for analyzing MRIs from large cohorts for diagnostic and research purposes.

(1) Jamaludin, A,, et al., ISSLS PRIZE IN BIOENGINEERING SCIENCE 2017: Automation of reading of radiological features from
magnetic resonance images (MRIs) of the lumbar spine without human intervention is comparable with an expert radiologist. Eur
Spine J, 2017. 26(5): p. 1374-1383.



A fresh look at the three-dimensional spinal alignment: an Al-based big data retrospective
analysis
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Introduction. The analysis of the spinal alignment in the standing posture has gained wide attention in the last years. Among the
large available body of literature, several studies investigated the spinal alignment of cohorts of patients with adult spine
deformities (ASD) as well as of young subjects suffering from adolescent idiopathic scoliosis (AlS). Biplanar radiography is the
state-of-the-art imaging technique for such investigations, but its use in large studies is restricted by the substantial manual labour
required for the three-dimensional reconstruction of the spinal anatomy necessary to calculate the radiographic parameters.
Therefore, most studies tend to be limited to relatively small cohorts. The aim of this study is to analyze a large dataset of biplanar
radiographs of 9823 non-operated subjects by employing an automated tool based on artificial intelligence, rather the labour-
intensive manual reconstruction.

Methods. A deep learning model based on a convolutional neural network using a Differentiable Spatial to Numerical Transform
(DSNT) top layer has been developed and used to determine the coordinates of 10 vertebral landmarks in the T1-sacrum region,
as well as the hip centers. The model was used to process biplanar radiographs in standing of the full trunk of 9823 consecutive
patients acquired between 2015 and 2018 and stored in the local imaging database of the institute. The coordinates of the
landmarks were then used to calculate the value of several radiographic parameters (Cobb angle of scoliosis, spinopelvic
parameters, lumbar lordosis, thoracic kyphosis, sagittal vertical axis, apex rotation in the transverse plane) and to perform a
descriptive statistics analysis after stratifying the subjects based on the type of deformity (no deformity, AlS, ASD) and on age
groups.

Results. Among the 9823 patients,
3018 suffered from AIS, 2865 from ASD, and
3940 had no spinal deformities. The descriptive
statistical analysis highlighted several findings
not observed in previous smaller studies; for
example, it could be shown that the pelvic
incidence-lumbar lordosis mismatch clearly
depends on the pelvic incidence itself
regardless of the type and severity of spinal
deformity, and that the Ilumbar lordosis
decreases with increasing Cobb angles in both
AIS and ASD patients, but more markedly in the
latter case (Figure).

Discussion. The deep learning model allowed
analyzing a very large database of biplanar
spine radiographs, permitting for the first time a
large-scale three-dimensional investigation of
spinal deformities. Among the limitations of the
study, it should be noted that information about
the clinical indication for imaging was not
available, and that the images were acquired in
a raised-arm posture which may influence the
radiographic parameters. In summary, the use
of deep learning for large-scale studies has the
potential to reveal clinically relevant information
that does not emerge when smaller cohorts are
investigated.

Figure caption. Biplanar radiographs of two exemplary patients with the corresponding vertebral landmarks detected by the
automated deep learning tool (top); scatter and regression plots showing the correlations between pelvic incidence and the pelvic
incidence—lumbar lordosis mismatch (bottom left) and those between the Cobb angle of scoliosis and the lumbar lordosis (bottom
right).



Augmented Reality-Assisted Spine Surgery: An Early Experience Demonstrating Safety and
Accuracy with 218 screws
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Introduction: In spine surgery, screw guidance techniques continue to to improve safety and accuracy while providing minimally
invasive options and improved outcomes. Augmented reality (AR) is a novel technology to assist in screw placement and has
shown promising results in early cadaveric and feasibility studies. This study aims to contribute an initial experience to the limited
in vivo studies available by demonstrating safety and accuracy in the largest cohort of patients to date using ahead-mounted
device (HMD) AR system.

Methods: Consecutive adult patients undergoing AR-assisted thoracolumbar fusion surgery between 2020-2021 with a minimum
of 2 week follow-up were included in this multi-surgeon, single center prospective cohort study. Preoperative, intraoperative, and
postoperative data were collected to include demographics, complications, revision surgeries, and AR
performance. Intraoperative 3D imaging was used to assess screw accuracy using the Gertzbein and Robbins (G-R) grading
scale.

Results: 32 patients (40.6% male) were included giving a total of 222 screws executed with the FDA approved HMD-AR
system. Intraoperatively, 4 (1.8%) were deemed misplaced, and replaced freehand. The remaining 218 (98.2%) screws were
placed accurately, there were no intraoperative adverse events or complications, and AR was not abandoned. Of the 208 AR-
placed screws with 3D imaging intraoperatively, 97.1% were considered clinically accurate (91.8% Grade A, 5.3% Grade
B). There were no postoperative surgical complications or revision surgeries during the 2 week follow-up.

Discussion: This early experience study demonstrated that HMD-AR assisted spine surgery is a safe and accurate method of
placing pedicle, cortical, and pelvic fixation. An accuracy rate of 97.1% among all 3 surgeons novice to AR technology suggests
ease of integration into the surgical workflow and minimal learning curve. Larger studies are needed to continue support this
compelling evolution in spine surgery.
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Introduction Low back pain (LBP) is one of the most costly disorders worldwide [1]. Intervertebral disc (IVD) fissures in the
outer annulus fibrosus (AF) are believed to be closely related to non-specific LBP [2]. Unfortunately, only a minority of these
potentially painful fissures are identified in clinical routine magnetic resonance (MR) images [3]. New non-invasive methods for
the detection of fissures have been developed, however, application of these in clinical settings is limited since they are
restricted to in vitro measurements or high-field scanners and lack validation against rigorous reference standards [3-6]. This
study aims to develop a clinically applicable method capable of determining the occurrence and position of annular fissures
using only conventional MR images and artificial intelligence (Al) based techniques.

Methods A total of 123 IVDs in 43 patients (age 25-63 years, 19 male) suffering from chronic LBP were examined with T1- and
T2-weighted conventional MR imaging, low-pressure discography and computed tomography (CT). Using textural features
calculated from the MR images, an artificial neural network (ANN) classification model and a method for attention mapping of
fissures were developed to identify the occurrence and position of fissures reaching the outer AF. The extension of the fissures
was graded according to the Dallas Discogram Description (DDD) [7] using the CT-discograms. Since fissures in the outer AF
have been suggested to be markers of LBP [8], IVDs with fissures extending to the outer AF (DDD=2 and 3) were sorted into
one group and IVDs with no fissures or fissures not extending to the outer AF (DDD=0 and 1) were sorted into the second

group.

Results The Al-based classifier correctly identified the occurrence of annular fissures in 122 of 123 IVDs (98.9%
sensitivity/100% specificity) (Fig.1). A receiver operating characteristic (ROC) analysis displayed an area under the curve (AUC)
of 0.9996, indicating outstanding discriminating ability. The true position of the fissures was determined in 87% of the IVDs
(Fig.2). Inaccurately localized fissures were diffuse and/or non-delimitable fissures and, in the majority of cases, localized within
noticeably degenerated IVDs.

Discussion: This is the first study utilizing a combination of texture analysis, ANNs and attention mapping to add invisible but
important information within diagnostics. This classifier displayed outstanding discriminating ability and the vast majority of the
attention maps determined the true location of the fissures but struggled with noticeably degenerated IVD with several fissures
in both the posterior and anterior AF. However, IVDs in the late stages of degeneration have lost their biomechanical properties
and viability and are considered more stable with impaired micro-mobility and, thus, less likely to give rise to pain sensations
based on direct disc pathology. The novel method shows great promise and can be easily implemented to confidently detect the
occurrence and position of potential painful fissures in conventional MR images. As such, it can be used to obtain unique
insights into pathology, increase the diagnostic accuracy and allow for new non-invasive research in the clinical setting, both
regarding spinal pathology and likely also within other images-based diagnostic areas.
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A 2-year longitudinal study of skeletal muscle mass in women over 40 years of age with
degenerative lumbar scoliosis
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[Purpose] Degenerative Lumbar Scoliosis (DLS) is increasing rapidly with aging. There are many cross-sectional studies showing
the relationship between skeletal muscle loss and DLS, but there are no longitudinal studies. In this study, we investigated
changes in skeletal muscle mass and bone mineral density in DLS patients during 2-year follow-up.

[Method] Of the 1596 women aged 40 and over (mean age 74 years, range 40-99) who underwent standing lumbar x-ray with
measurement of body composition and bone mineral density, 418 women who could be observed for more than one year are
included in this study. The study was divided into 50 patients in the DLS group (mean 76 years) and 368 patients in the control
group (mean 73 years). The diagnosis of DLS was lumbar Cobb angle: 10 ° or more and SVA: 50 mm or more. Whole-body
skeletal muscle mass was measured using a Bioelectrical impedance analyzer (BIA). Bone mineral density (BMD) was measured
using DXA. Skin autofluorescence (SFA) was measured using a spectroscope AGE reader. Spinal alignment, skeletal muscle
mass, BMD, grip strength, and SFA were examined in both groups, and the amount of change in Follow up (f/o) 1 year and 2
years from the initial examination for each item was compared in both groups.

[Results] Compared with the control group, the height, body fat mass, grip strength, upper limb muscle mass, and trunk muscle
mass were significantly decreased, and the lumbar spine bone mineral density was significantly increased (p<0.05). There was
no significant difference in spinal alignment for 2 years at f/ o in the DLS group(p>0.05).

On the other hand, regarding the amount of change in each parameters during f/o 2 years between the two groups, the height
decreased significantly in the DLS group (-0.9%) compared to the control group (-0.3%) in the f/o 2 years (p <0.05). Trunk muscle
mass decreased significantly in the DLS group (-2.8%) compared to the control group (-1.1%) at f/o 2 years (p <0.05).

[Discussion] It has been reported that DLS has a high rate of sarcopenia and low trunk muscle mass is an age-independent risk
factor. However, this is a cross-sectional study, and the mechanism of skeletal muscle loss and DLS progression is unclear. From
this study, it was shown that the trunk muscle mass in the DLS group decreased significantly by about 2.5 times in 2 years
compared with the control group. In DLS, trunk muscle atrophy is progressing due to a decrease in activity associated with
kyphoscoliosis, and there is a possibility that a vicious cycle of kyphoscoliosis has occurred. In the future, it may be possible to
clarify the mechanism of kyphoscoliosis progression by continuing large-scale longitudinal studies.
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Objective

To elucidate the clinical and radiographic outcomes and complications of cortical bone trajectory (CBT) screw fixation in patients
with osteoporosis at 24 months follow-up and to compare the results with those after transforaminal lumbar interbody fusion
(TLIF) using traditional pedicle screw (PS) fixation.

Methods

We enrolled 124 patients and randomly assigned them to 2 groups (each group had 62 participants). The primary outcome: fusion
rate, secondary outcome measures include 1) clinical outcomes: visual analog scale (VAS), Oswestry Disability Index (ODI), and
Japanese Orthopaedic Association Score (JOA); 2) surgical parameters: operating duration, incision length, estimated blood
loss, and drainage volume; 3) radiologic outcomes; 4) complications.

Results

At the 6- and 12-month follow-up points, similar fusion rate was observed based on CT scan in both groups (p=0.583 and 0.583).
According to the clinical outcome, CBT provided significant better short-term functional status at 3 months post-operation
regarding ODI and JOA score (p=0.012 and 0.000), and similar improvements in pain intensity and functional status at other
follow-up point. In addition, CBT resulted in significantly better surgical characteristic. Notably, CBT fixation led to lower incidence
of screw loosing in osteoporotic population (p= 0.006).

Conclusions

The CBT screw fixation for single-level lumbar fusion in patients with osteoporosis provided improvement of clinical symptoms
comparable to that of TLIF using PS fixation. In addition, statistically significant lumbar stability was found in the CBT group.
Since the present study, we suggest CBT screw fixation to be a reasonable and superior alternative to PS in TLIF for osteoporotic
population.

Trial registration number: ChiCTR1900022658

Date of registration: 2019/4/20
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Innovative Percutaneous Endoscopic Transforaminal Lumbar Interbody Fusion of Lumbar
Spinal Stenosis with Degenerative Instability: A non-randomized clinical trial
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Purpose: Lumbar spinal stenosis (LSS) with instability is most common lumbar degenerative diseases for people with low back
pain. The objective of this study was to compared the clinical effects for the treatment of Lumbar spinal stenosis (LSS) with
degenerative instability between the innovative percutaneous endoscopic transforaminal lumbar interbody fusion (PE-TLIF)
technique and posterior lumbar interbody fusion (PLIF) technique.

Patients and methods: Between April 2019 and April 2020, 114 patients with single-segment LSS were prospectively included
in our study (ChiCTR1900022492). Visual Analogue Scale (VAS) on lumbar and leg pain (VAS-LBP, VAS-LP), Oswestry Disability
Index (ODI), serum Creatine Kinase (CK), the maximal cross-sectional area of multifidus muscle (Max-CSA) and the peak
intensity of Sulphur hexafluoride microbubble contrast agent (Pl) around the surgical incision by contrast-enhanced
ultrasonography were evaluated preoperatively, post-operatively and at regular follow-up.

Results: All patients were followed up. The VAS-LBP, VAS-LP, ODI after operation were improved significantly compared to
these data before operation in all the patients (P<0.05). The VAS-LBP at 1 weeks, 3 months after operation in PE-TLIF group
were significantly lower than these in PLIF group (P<0.05). The injury degree of multifidus muscle evaluated by MAX-CSA and
Pl was significantly less in PE-TLIF group after operation(P<0.05). There was no significant difference on the complication rate
between these two groups (P>0.05).

Conclusion: Our results presented PE-TLIF technique could obtain comparable effective outcomes as conventional PLIF for the
treatment of LSS with degenerative instability. The Patients with PE-TLIF had less muscle injury, less pain and quicker
postoperative rehabilitation.

Keywords: pain, minimally invasive surgery; percutaneous; spinal endoscope; transforaminal lumbar interbody fusion; lumbar
spinal stenosis.
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Objective

This study aimed to investigate the prevalence of radiographic lumbar scoliosis (LS) and its association with low back pain (LBP),
leg symptoms, and quality of life (QOL) in the general population.

Methods

We used the baseline data of the Wakayama Spine Study performed in 2008-2013. LS was defined based on the presence of
coronal curvature with a lumbar spine Cobb angle 210° using radiographic anteroposterior X-ray analysis of T10-L5 spine in the
standing position. Patients under 40 years of age. Those who had previously undergone lumbar surgery in the past were excluded
from the study.

Results

Complete data of a total of 938 patients (307 male and 631 female, mean age 67.3+12.4 years) were readily available. The
prevalence of LS was estimated to be 23.9% among all patients, 14.4% in men, and 28.4% in women (p<0.001). On the other
hand, overall prevalence of LBP was found to be 39.6% among all patients, 48.0% in LS patients and 37.2% in non-LS patients
(p=0.004). Prevalence of leg symptoms were found to be 8.9% among all patients, 14.4% in LS patients, and 7.2% in non-LS
patients (p=0.001). Logistic regression analysis adjusted for age, sex, and body mass index (BMI) demonstrated significant
correlation between LS and LBP (LS: odds ratio [OR], 1.43; 95% CI: 1.04-1.97). Logistic regression analysis adjusted for age,
sex, and BMI demonstrated that LS was also significantly associated with leg symptoms (LBP: OR, 1.92; 95% Cl:1.16-3.15).
Furthermore, the average ODI was estimated to be 15.0% in LS patients and 12.1% in non-LS patients, corresponding to a
significant difference (p=0.011). In addition, a significant difference in ODI was found between LS and non-LS groups (Q2; p=0.01,
Q3; p=0.03, Q4; p=0.01, Q6; p=0.01, Q9; p=0.001).

Conclusion

Based on this general population study, radiographic LS showed significant correlation with LBP, leg symptoms, and the ODI.
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[Introduction]

There are few detailed reports of facet joint osteoarthritis (FJOA) in epidemiological studies. The aim of this study was to evaluate
the characteristics of individuals with FJOA and their association with low back pain (LBP) and LBP-related QOL using
epidemiological data.

[Methods]

The subjects were 437 community residents (142 males and 295 females, mean age 65.0 years) who underwent lumbar spine
MRI. FJOA from L1-L to L5-S using the Weishaupt classification (4 grades from 0-3) was evaluated and grade 22 was defined
as FJOA. Furthermore, subjects underwent blood and urine sampling, blood pressure measurement to assess for hypertension,
diabetes, hepatic and renal dysfunction. Arteriosclerosis was assessed by cardio-ankle vascular index (CAVI) and osteoarthritis
(OA) of the hip and knee joints were evaluated by the ARA classification (Altman 1986, 1991). LBP was assessed with a self-
administered questionnaire and defined as pain requiring treatment lasting at least 1 month. The Roland-Morris Disability
Questionnaire (RDQ) was assessed with a norm-based score, and subjects with score less than 50 were considered to have low
LBP-related QOL compared to national norm. We compared age, gender, BMI, prevalence of comorbidities, LBP, and RDQ<50
between the FJOA (+) and (-) groups. Chi-square test, Mann-Whitney U test, and multiple logistic regression analysis were used
for statistical examination, and a p-value < 5% was considered statistically significant.

[Results]

A total of 225 subjects were enrolled, excluding those with compression fractures, scoliosis or degenerative spondylolisthesis.
There were 179 (79.1%) subjects in the FJOA (+) group and 46 (20.9%) in the FJOA (-) group. Only age (66.6 + 9.6 vs. 59.3 +
14.7, p = 0.005) was significantly different between the two groups. On the other hand, there were no significant differences in
gender, BMI, or prevalence of any comorbidity: gender (male/female 0.62 vs 0.35 p=0.12), BMI (23.3 + 3.1 vs 23.4 + 3.5, p=0.84)
hypertension (53.6% vs 56.5%, p=0.73), diabetes (5.6% vs 0.0%, p=0.10), hepatic (34.6% vs 34.8%, p=0.741) and renal
dysfunction (38.5% vs 41.3%, p=0.99), arteriosclerosis (33.6% vs 23.1%, p=0.21), and osteoarthritis of the knee (33.5% vs 26.7%,
p=0.38) and hip (5.6% vs 8.7%, p=0.442). Finally, multiple logistic regression analysis adjusted for age, gender, and BMI showed
no significant differences between FJOA and LBP (OR= 1.09, 95%Cl: 0.37-3.15, p=0.88), RDQ<50 (OR=0.51, 95%CI: 0.24-1.12,
p=0.09).
[Discussion]

In the present study, there was no association between FJOA and comorbidities, suggesting that FJOA may be an aging process
or secondary to mechanical stress. Additionally, we found no association between FJOA and LBP or LBP-related QOL. Further
evaluation of other spinal degenerative findings including intervertebral discs and longitudinal studies are needed to validate
these results.
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INTRODUCTION

Sagittalization of the facet joints angle (FJA) has been suggested to be related to aging and lumbar spondylolisthesis by cross
sectional studies. However, there have been no reports of long-term follow-up study for sagittalization of FJA evaluated by MRI
in the community residents.

METHODS
This study included 294 participants (91 men, 203 women, mean age 64 years) with an age ranged from 28 to 91 years old in
local residents in 2004. 120 of 294 patients received follow-up MRI in 2015. FAJ was measured in the axial image at each
intervertebral disc level (L1/2-L5/S). Spondylolisthesis was defined as a vertebral body slipping more than 3mm on mid-line
sagittal image. Statistical analysis was performed by Mann-Whitney U test and p values less than 0.05 were statistically significant
difference.

RESULT

1.  In 2004, the FJA tended to be larger in the lower intervertebral disc level and tended to be smaller at each
intervertebral disc level with age. In the group with spondylolisthesis (n=57), FJA of slipped intervertebral disc level
tended to be smaller than that of the same disc level in the group without spondylolisthesis (n=237).

2. In 2015, 27 patients (23%) (31 intervertebral disc level) showed the development of spondylolisthesis (L1/2: 1, L2/3:
3, L3/4: 7, L4/5: 15, L5/S1: 5). In the development of spondylolisthesis group, the average of FJA tended to increase
in L1/2 and L2/3, and decrease in L3/4, L4/5 and L5/S compared with FJA in 2004, but there were no statistically
significant differences.

3. Inthe new spondylolisthesis onset subjects, 13 intervertebral disc levels (42%) had remarkably decreased FJA
(AFJA<-5°), while 7 joints (23%) had increased FJA (AFJA>5°). These 7 intervertebral disc levels showed severe
facet OA.

DISCUSSION

This study was the first to report the long-term course of FTJ. In this study, it was found that sagittalization of the facet joint
progresses with age, regardless of the development of spondylolisthesis. Decreased FJA, which means sagittalization of the
FJA, generally is thought to be essential for the development of spondylolisthesis, however, 23% of subjects with the development
of spondylolisthesis showed increased FJA. This finding means that other factors except for sagittalization of FJA might have a
strong influence on the development of spondylolisthesis. Further study is needed to determine the factors of the development
of spondylolisthesis.

CONCLUSION

A tendency for sagittalization of FJA was observed over 10 years. However, in some cases with the development of
spondylolisthesis, sagittalization was decreasing.
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Purpose: To clarify the relationship between central sensitization and chronic low back pain (CLBP), we conducted a longitudinal
survey under the spread of COVID-19 infection in Japan.

Methods: Invitations were sent to 771 people who participated in the baseline survey in July 2019 before the spread of the
COVID-19 infection in rural areas in Wakayama prefecture, and 227 people (79 men, 148 women, average age at baseline 68.5
+ 9.5 years) who participated in the follow-up survey in October 2020 were included in the analysis. The main evaluation items
were (1) presence or absence of CLBP (definition: low back pain that lasts for 3 months or more), (2) central sensitization
screening tool: Central Sensitization Inventory (CSl). At the time of follow-up survey, we also asked about whether or not to
refrain from going out due to the spread of COVID-19 infection.

Statistics: First, we observed changes in the prevalence of CLBP and CSI scores through the observation period. Second, the
participants were divided into the following four groups and the baseline characteristics were compared among the groups; (1)
"None group" did not have CLBP through the observation period, (2) "De novo group" did not have CLBP at baseline while it had
CLBP at follow-up, (3) "Continued group” had CLBP through the observation period, (4) "Improved group" had CLBP at the
baseline while it did not have CLBP at the follow-up. Third, a multiple logistic regression analysis was conducted to elucidate risk
factors for the development of CLBP on 167 patients who did not have CLBP at baseline.

Results: The prevalence of CLBP were 59/227 (26%) at baseline and 71/227 (32%) at follow-up. The CSI score was 16.9 at
baseline and 17.1 at follow-up. There were 131 participants (60%) in the None group, 32 (15%) in the De novo group, 39 (18%)
in the Continued group, and 15 (7%) in the Improved group. There were no significant differences in gender, age, BMI at baseline,
and whether or not to refrain from going out among the four groups. The baseline CSI score (mean) was 14.2 in the None group,
17.9 points in the De novo group, 22 points in the Continued group, and 20 points in the Continued group- a significant difference
was observed between the None group and the Continued group. The multiple logistic regression analysis revealed that higher
baseline CSl scores were a significant risk factor for the development of CLBP.

Conclusion: (1) After the spread of COVID-19 infection, the prevalence of CLBP increased. (2) Higher CSI score was a
significant risk factor for the development of CLBP.
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Introduction: Modic changes are usually associated with degenerative disc diseases (DDD) and vertebral endplate subchondral
changes, which can be the major cause of discogenic low back pain. However, the sensory innervation, spinal hypersensitivity
and underlying mechanisms remain still unclear. The presence and association of osteoclast and NETRIN1 in the endplate
changes has not been well studied.

Methods: Firstly, we detected the osteoclasts, the expression of NETRIN1, and nerve ingrowth in the specimens from the human
lumbar endplate Modic changes and P. acnes-induced rat lumbar. Secondly, to clarify P. acnes-associated pain, calcium imaging
and flux was used to show the neuronal calcium traces from dorsal root neurons (DRGs) exposed to P. acnes. We then
investigated whether NETRIN1 was derived from the osteoclasts by ELISA, Western Blot and immunofluorescence (IF) in vitro
and in vivo. Further, we detected the calcitonin gene-related peptide (CGRP) or substance P-positive nerve fibers in lumbar
endplates, and the c-Fos-positive neurons in lumbar DRGs in the P. acnes-induced animal model in vivo. Finally, by the
subcutaneous injection of denosumab (5mg/kg), we examined the formation of osteoclasts and proceeded the pain assessment
to observe the pain sensation in the P. acnes-induced model in vivo.

Results: By TRAP staining and IF assays, we firstly found the increased osteoclasts and NETRIN1 in P. acnes-induced rat
lumbar and the human lumbar endplate Modic changes, especially type | Modic changes. Western blot and IF data showed that
osteoclasts could secret a large amount of NETRIN1 rather than NETRIN2 or NETRIN3, and TRAP/NETRIN1 were co-localized
in vivo, indicating that NETRIN1 was derived from osteoclasts. By the co-culture system (20% conditioned medium), we clarified
that osteoclast-derived NETRIN1 promoted the axon elongation of DRGs in vitro. Secondly, we detected the increased calcium
and influx in the DRGs exposed to P. acnes, implying that P. acnes were positively associated with pain. Then, we discovered
the increasing CGRP-positive nerve fibers in lumbar endplates and the c-Fos-positive neurons in lumbar DRGs in the P. acnes-
induced animal model in vivo, compared to the control group. Further, we inhibited the in vivo formation of osteoclasts and
revealed the less pain in the P. acnes-induced animal model with denosumab treatment. Finally, by IF assay, the CGRP or
substance P-positive nerve fibers in lumbar endplates and the c-Fos-positive neurons in lumbar DRGs were decreased in the P.
acnes-induced animal model with denosumab treatment. Sensory innervation by NETRIN1 from osteoclasts mediates spinal
hypersensitivity in lumbar endplate Modic changes.

Discussion: Modic changes are strongly related with low back pain, especially type | Modic changes. Many researches showed
the increased sensory innervation in lumbar endplate region, whereas its precise mechanism remained unknown. We showed
the NETRIN1 from osteoclasts in lumbar endplate guided the axon elongation of DRGs to mediate spinal pain hypersensitivity.
By denosumab management, CGRP-positive nerve fibers were suppressed in lumbar endplates. Meanwhile, c-Fos-positive
neurons were reduced in lumbar DRGs. These data indicated that osteoclast might be the therapeutic target for lumbar endplate
Modic changes.
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Introduction

Low back pain (LBP), a widely prevalent and costly disease around the world, is mainly caused by intervertebral disc (IVD)
degeneration (IDD). Numerous factors may trigger this degenerative process, for example, aging, inflammation, genetic
susceptibility and trauma. Modic changes (MCs) is one of disc degeneration. Research have found Modic changes were present
in 46% of patients with chronic low back pain compared with only 6% of the general population The pathological alteration of
microbiome composition, also known as dysbiosis, has been associated with diseases linked to damaged bone metabolic
disorders such as osteoarthritis, rheumatoid arthritis (RA), ankylosing spondylitis (AS), adolescent idiopathic scoliosis (AIS) and
osteoporosis. However, the connection between the microbiome and MCs has not been well understood but is believed to happen
through translocation of the bacteria across the gut epithelial barrier, regulation of the mucosal and systemic immune system,
and regulation of nutrient absorption, metabolites formation at the gut epithelium. We believe that the microbiome has the potential
to serve as a biomarker of IDD and a target for LBP treatment.

Methods

We performed a case—control study to compare the faecal microbiome of LBP with/without patients and healthy control by 16S
ribosomal RNA (rRNA) sequencing and metagenomics. The overwhelming mass of research supports gut microbiome could
produce some end products of fermentation, these products may enter our circulation system by blood and cause some influence
on our physiology. The serum metabolome can provide the functional redout of the gut microbiome. So to address the causative
relationship between gut dysbiosis and LBP, we also use the untargeted metabolomic methods to detect the serum metabolome.
Results

We identified 3 bacterial species showing notable differences in abundance between MDD patients and healthy controls (HCs).
Patients with LBP+MCs were mainly characterized by increased abundance of the species are Erysipelotrichaceae bacterium
and Eubacterium bioforme and decreased abundance of the species Ruminococcus torque. Besides, the metabolomics enriched
7 pathways, including Valine, leucine and isoleucine degradation, Nicotinate and nicotinamide metabolism Sphingolipid
metabolism, Amino sugar and nucleotide sugar metabolism, Neomycin, kanamycin and gentamicin biosynthesis, Porphyrin and
chlorophyll metabolism, Drug metabolism - cytochrome P450. Disturbed microbial genes and serum metabolites were
consistently mapped to Valine, leucine and isoleucine degradation metabolism. Our findings provide a deep insight into
understanding of the roles of disturbed gut ecosystem in LBP with MCs.

Discussion

This study suggests that the gut microbiome of patients with LBP is dysbiotic and contributes to disease pathogenesis. More
invitro works need to do for detecting the mechanism about microbiome and the development of MCs
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INTRODUCTION

Adolescent idiopathic scoliosis (AlS) is the most common form of scoliosis, attributing to about 70% of all cases, and is usually
diagnosed during puberty [1-3]. One can imagine a curved spine can detrimentally affect the patient’s daily activities, quality of
life and even cardiopulmonary function [4]. The progressive nature of AIS warrants an early diagnosis and treatment to prevent
progression as soon as possible and to save the patient from more aggressive interventions. Many studies have investigated
how structural deformity parameters, and even biomarkers, may contribute to the likelihood of AIS progression. [5-7] But no study
has been done so far that utilizes a convolutional neural network (CNN) to combine information from raw two-dimensional (2D)
radiographs and one-dimensional (1D) clinical parameters in the research of AIS progression prediction. Thus, by using capsule
network as a backbone [8], this study aims to develop a CNN model that is able to predict the probability of AIS
progression at the patient’s first visit by integrating 2D radiological images with 1D clinical data.

METHODS

A total of 513 patients have been recruited with the exclusion of 43 patients due to lack of followup. Clinical parameters were
recorded at specialist clinics and bi-planar radiographs of the full body were scanned with the EOS system.

Three different crops of the original radiographs are generated -- (1) whole-spine crop, (2) upper end vertebra crop of major
curvature, and (3) lower end vertebra crop of major curvature, all of which are used as the 2D inputs of the CNN model.

The clinical parameters used in this study include sex, age, weight, sitting height, standing height, arm span, risser sign, ulna
maturity and distal radius maturity. Categorical data are represented as 1D unit vectors, whereas numerical data are normalized
to a number between 0 and 1. The processed vector then serves as the 1D input of the CNN model.

The presence of AlIS progression is defined by a minimum increase of 5 degrees in the Cobb angle of the major curve, which can
happen as soon as 2 months after the initial consultation. This definition is used to verify the predicted outputs from the CNN
model.

RESULTS

The CNN model achieved a 92.6% sensitivity and 90.6% negative predictive value (NPV) with an overall accuracy of 72.8%. In
addition, it also achieved 56.9% specificity and 63.3% positive predictive value (PPV). The ROC AUC is 0.76.

DISCUSSION

The high sensitivity and NPV make this Al model a great screening tool to exclude those without the risk of AIS progression. With
a negative risk predicted by the model, treatment resources can then be spared and reassurance can be given to the patient.
With a positive predicted progression risk, the specialist can decide to more closely monitor AlS progression of the patient by
increasing the frequency of follow ups to significantly speed up the diagnosis and management of AIS progression and further
optimize appropriate allocation of healthcare resources. Limitations of this study include a small data size and occasional missing
clinical data.
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Introduction

Ultrasound-based applications were recently developed to measure intervertebral disc (IVD) mechanical properties and its
microstructure in vivo (Langlais et al., 2019; Vergari et al 2014). These are complementary evaluations to magnetic resonance
imaging, which is the golden standard to assess IVD as it allows to quantify disc morphology and hydration, in addition to recent in
vitro applications to determine IVD mechanical properties. However, ultrasound methods were limited to children because of poor
ultrasound penetration in adult's abdominal region. Nevertheless, such non-invasive and fast evaluation in adults could allow
defining novel biomarkers for early disc degeneration. In this work, feasibility and reliability of IVD characterization by ultrasound
in adults were explored, which were made possible by the continuous development of ultrasound technology.

Methods

Conventional ultrasound images and SWE (Figure 1) were acquired at the L3-L4, L4-L5 and L5-S1 IVD of 28 asymptomatic
adults (13 women and 15 men, age range: 22-67 years). Images were acquired with an abdominal approach with a Mach30
(Supersonic imagine, Aix-en-Provence). Shear wave speed (SWS) and lamellar thickness were measured in the outer annulus
with previously described protocols (Langlais et al., 2019; Vergari et al 2014). SWS was measured at all disc levels, while lamellar
thickness only at L3-L4. Three operators, one with a 7-year experience and two with a one-day training, repeated the
measurements on L3-L4 IVD of 8 subjects to determine measurement reproducibility. Results are reported as median [75%
confidence interval], and uncertainty is reported as standard deviation. Non-parametric statistical tests were used (p < 0.05).

Results

Inter-operator uncertainty of SWS was 8.7% (0.55 m/s), while uncertainty of lamellar thickness was 10% (24.7 pm). SWS was
similar at the L3-L4 and L4-L5 levels (4.0 m/s [3.5-4.3]) and significantly lower at L5-S1 (3.4 m/s [3.2-3.6]. Median lamellar
thickness at L3-L4 level was 253 pm * [245-269]. Lamellar thickness was significantly correlated to SWS at the same disc level
(p < 0.001, Spearman’s rho = 0.75).

Discussion

A measurement protocol which was previously limited to application in children, was successfully applied to assess lumbar discs
in adults. Results are promising, showing good reproducibility in the assessment of IVD mechanical and microstructural
properties. Indeed, SWS is directly related to disc material stiffness, and there results suggest a correlation between disc
microstructure and mechanical properties. This provides complementary information to other imaging modalities to characterize
the IVD. Further research is underway to study the aging and degeneration of IVD by ultrasound.

C. Vergari et al.(2014). Non-invasive biomechanical characterization of intervertebral disc by shear wave elastography. European
Radiology, 24(12), 3210-3216.

1. T.Langlais et al. (2019). Microstructural characterization of annulus fibrosus by ultrasonography: a feasibility study with an
in vivo and in vitro approach. Biomechanics and Modeling in Mechanobiology, 18, 1979-1986.
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Introduction: The intervertebral disc (IVD) transmits 80-90% of axial loads within the spinal column'. The mechanical response
of the IVD to load is an important indicator of the IVD health and pathology?. In vivo evaluation of the IVD strains is crucial to
better understand normal and pathological IVD mechanics, to investigate the effect of injuries on the mechanics of the IVD, and
to evaluate the effectiveness of treatments. However, in vivo characterisation of IVD strains remained largely unexplored, likely
due to the lack of a reliable and non-invasive strain measurement technique. The aim of this study was 1) to develop a novel in
vivo technique based on 3T MRI and digital volume correlation (DVC) for non-invasive strain measurement within human 1VDs
and 2) to use this technique to resolve 3D strains within lumbar IVDs during extension.

Methods: This study included 20 lumbar IVDs from four healthy subjects (M/F: 2/2, average age 30 years, range: 27-34 years).
In order to find an optimal MR sequence to minimise DVC measurement errors, one subject was scanned two times using 3T
MRI with four different sequences: CISS, T1 VIBE, T2 SPACE, and T2 TSE. DVC errors were quantified by conducting zero-
strain tests® (two repeated unloaded scans). Based on the DVC measured errors, the optimal MRI sequence was selected. To
assess the repeatability of the strain measurements in spines with different anatomical variations and compositions all subjects
(n=4) were scanned two times with the optimal sequence, and accuracy and precision of the strain measurements were
quantified. In addition, to calculate 3D strains during lumbar extension, MR Images were acquired from subjects in both the
neutral position (Figure 1(a)), and after full extension (Figure 1(b)).

Results: DVC strain measurement errors were notably lower for the T2 TSE (0.33 %) in comparison with the CISS, T1 VIBE,
and T2 SPACE (6.13, 6.98, and 2.05 %, respectively). The result of the repeatability study identified that DVC in combination
with T2 TSE MRI is able to measure internal IVD strains with a precision of 0.33 + 0.10 % and accuracy of 0.48 + 0.11 % for a
measurement spatial resolution of 4.64 mm. During lumbar extension, the site of peak maximum 3D principal (tensile) and shear
strains were commonly observed at the anterior annulus (Figure 1(c)). Level L2-L3 experienced the largest peak tensile and
shear strains (16.8 + 0.4 % and 16.2 + 2.4 %, respectively), while the L5-S1 level experienced the lowest peak tensile and shear
strains (3.5+ 0.1 % and 3.9 £ 0.2 %, respectively).

Discussion: The findings of this study establish clinical MRI based DVC (MRI-DVC) as a new tool for in vivo strain measurement
within human IVDs. Medical imaging modalities that calculate tissue morphology alone cannot provide direct information
regarding the biomechanics of the disc. MRI-DVC successfully provided internal strain distributions within IVDs and has great
potential to be used for a wide range of clinical applications.

Acknowledgements: This work was supported by the EPSRC, New Investigator Award, EP/V029452/1.
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Introduction: Low back pain is a major disabling health condition in humans, with a lifetime prevalence as high as 84%. IVDD
is a widely recognized contributor to low back pain. The major constituents of the normal NP are type-Il collagen and aggrecan
proteoglycan. The loss of these extracellular matrix proteins occurs in IVDD. The current treatments of low back pain are limited
to relieving back or leg symptoms. They do not focus on replenishing the NP loss and restoring the native disk structure. NPCs
are the main cell type residing in the NP, and they are responsible for maintaining tissue homeostasis (8). NPCs proliferate slowly
and lack self-regeneration capacity, adding to the intractability of the disease. Current studies on the pathophysiology of NPCs
are usually supported by mRNA and epigenomic analyses. However, bulk-tissue level resolution masks the complexity of
alterations across cells and within cell types. The uncharacterized cell types and markers residing in the NP raise interest in terms
of unexplored cellular heterogeneity.

Methods: We aimed to provide a single-cell view of IVDD pathology, profiling 39,732 cells from NP tissues across eight
individuals with different grades of progressive degeneration. Notably, we comprehensively characterized the transcriptome
feature of NPCs and immune cells, and we decoded the cell percentage, the heterogeneity of cell subtypes during degeneration,
providing a unique cellular-level insight into transcriptional alterations associated with VDD pathology.

Results: Six novel human NP cell (NPCs) populations were identified by their distinct molecular signatures. The potential
functional differences among NPC subpopulations were analyzed at the single-cell level. Predictivetranscripts, transcriptional
factors, and signal pathways with respect to degeneration grades were analyzed. We reported that fioroNPCs, one of our
identified cell types, is the subpopulation for end-stage degeneration. CD90+NPCs were observed to be progenitor cells in
degenerative NP tissues. NP-infiltrating immune cells comprise a previously unrecognized diversity of cell types, including
granulocytic myeloid-derived suppressor cells (G-MDSCs). We uncovered integrin aM (CD11b) and oxidized low density
lipoprotein receptor 1 (OLR1) as surface markers of NP-derived G-MDSCs. The G MDSCs were also found to be enriched in
mildly degenerated (grade Il and Ill) NP tissues compared to severely degenerated (grade IV and V) NP tissues. Their
immunosuppressive function and alleviation effects on NPCs’ matrix degradation were revealed in vitro.

Discussion: These findings might aid the understanding of molecular complexity and cellular heterogeneity in intervertebral disc
degeneration. The IVDs have been identified as immune privilege organs; the steady-state of immune privilege is fundamental
to organ homeostasis. This single-cell study also showed there are multiple immune cell lines inside the NP, which may play a
role in IVDD progression.



