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Lumbar spine pathology is a complex and multifactorial condition associated with 

degenerative changes in the lumbar spinal muscles (multifidus and erector spinae) that are easily 

observable using conventional imaging techniques, and highly associated with poor surgical and 

nonsurgical outcomes.  Although muscle degeneration is ubiquitous in this patient population, the 

underlying genetic and cellular mechanisms are not well understood, especially in relation to 

disease progression in humans.  Therefore, we examined gene expression of 42 functionally 

important genes from relevant adipogenic/metabolic, atrophic, fibrogenic, inflammatory, and 

myogenic gene pathways by obtaining intraoperative multifidus muscle biopsies from patients 



 xiv 

undergoing surgery for lumbar spine pathology.  Multifidus muscle morphology was examined at 

biopsy side and vertebral level using T2-weighted magnetic resonance imaging and bi-gaussian 

distribution to determine total multifidus cross-sectional area, cross-sectional area of muscle and 

fat, and fat fraction of the multifidus, both pre-operatively and 6 months post-operatively.  These 

measures were used to investigate the relationships between gene expression patterns, whole 

muscle health (size and quality), and post-operative recovery.  We found that fibrogenic 

(COL3A1) and adipogenic/metabolic genes (PPARD) were related to pre-operative muscle 

quality, and myogenic genes (mTOR) were related to pre-operative muscle size.  Additionally, we 

found trends for relationships between inflammatory (TNF-a) genes and muscle loss after surgery, 

and fibrogenic genes (TIMP1, TIMP3) and muscle growth after surgery.  These findings provide 

insight into important pathways associated with muscle health and adaptation in the presence of 

lumbar spine pathology and establish a foundation for future research in preventing muscle 

degenerative changes before and after surgery.
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INTRODUCTION 

1. Low Back Pain 

 Low back pain (LBP) is the leading musculoskeletal condition resulting in disability and 

years lived with disability in the United States and globally, affecting anywhere from 65-85% of 

the U.S. population.1–3  Surgical treatment paradigms are believed to relieve pain and restore 

functionality, however, an estimated 75% of individuals experience recurrent pathology, 

suboptimal outcomes, unresponsiveness to exercise-based rehabilitation, and often require further 

revision surgeries.4–12  Individuals undergoing surgery account for over 75% of direct healthcare 

cost-burden associated with LBP, and often present with the most chronic and severe functional 

impairments.8,13  The paraspinal musculature (erector spinae and multifidus muscles) play an 

important role in movement and stabilization of the spine. The multifidus muscle, in particular is 

thought to be one of the most significant stabilizing muscles due to its architectural features. 

Specifically, its large cross sectional area and short fiber length allow it to generate large amounts 

of force even with small movements.14–16  Although the etiology of LBP is complex and often 

times multifactorial in nature, individuals typically demonstrate pathological changes in the 

multifidus muscles in comparison to healthy individuals.17–21  

2.  Pathological Skeletal Muscle 

Commonly observed muscular adaptations in individuals with LBP include increased 

accumulation of fat within muscle, and increased accumulation of collagen and other fibrotic 

tissues within muscle (Figure 1); adipogenic and fibrogenic processes respectively.17,17,19–25  

Reductions in overall muscle cross-sectional area (CSA), muscle atrophy, have also been 

observed,20,25–31 yet findings are inconclusive across the literature with some prior studies 

demonstrating no changes in muscle size or even muscle hypertrophy at the level of the whole 
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multifidus muscle as visualized using magnetic resonance imaging (MRI).32–36  Regardless of the 

specific profile of degenerative muscular changes one individual may demonstrate, they are 

thought to progress and worsen over the course of lumbar spine pathology. Importantly, paraspinal 

muscle degeneration has been associated with increased likelihood of symptom recurrence, poor 

post-operative outcomes, and reduced strength, endurance, and function; and may be an important 

contributor to the poor prognoses of this patient population.10,37–39 

2.1.  Macroscopic Observations 

On a whole muscle level, changes in muscle size and quality are clearly observed using 

imaging modalities such as MRI (Figure 1) or computed tomography (CT).24,25,27,39,40  MRI and 

CT can effectively differentiate between fatty tissue and muscle, based on pixel, or voxel, intensity; 

with higher voxel intensities (brighter) correlating with fatty tissue, and lower voxel intensity 

(darker) correlating with muscle.18,24,40–42  Prior imaging studies have demonstrated that it is 

relatively common to find a large portion of the multifidus or erector spinae, sometimes upwards 

of 50% of the muscle compartment, replaced by fatty or fibrotic tissue.17,18  This high portion of 

muscle replacement by non-contractile tissue may have substantial consequences regarding 

paraspinal muscle function and spinal stability as well as capacity for recovery after injury or 

surgery.  

2.2.  Microscopic Observations 

 Histological analyses of paraspinal muscle in pathological human and animal models provide 

a way to validate imaging findings on a microscopic scale.  Similar to larger scale observations, 

histological studies have demonstrated muscle fiber degeneration,17,23,43 deposition of fibrotic 

tissues,17,44,45 increased inflammatory biomarkers,17,46 and reductions in vascularity17,47 in 

multifidus and erector spinae biopsies from both human and animal models.  However, like 
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macroscopic studies of muscle degeneration, investigations of muscle atrophy are also 

inconsistent; prior studies have demonstrated atrophic,36,48–50 non-atrophic,51,52 and even 

hypertrophic17,53 changes in muscle in the presence of lumbar spine pathology.  

3. Skeletal Muscle Adaptation and Recovery 

Over time, in the presence of injury, and after surgery, paraspinal muscle adaptations 

required for recovery involve myogenic progenitor cells such as muscle satellite cells54 and fibro-

adipogenic progenitor cells (FAPs).55  These cells control proliferation and differentiation of not 

only muscle cells, but also surrounding ultrastructural cells that make up the muscular 

microenvironment such as interstitial fat and collagen.55,56  Other cells involved in recovery from 

injury include inflammatory and apoptotic cells, which help with clearance of damaged tissue.57  

Additionally, within the microenvironment surrounding myofibers exists fibroblasts, vascular-

associated cells, motor neurons, and a variety of interstitial cells, which could likely all play a role 

in muscle adaptation and recovery.58  Prior studies have identified several pathways including 

expression of myogenic, fibrogenic, adipogenic/metabolic, inflammatory, and atrophic genes, that 

mediate muscle health and adaptation in both healthy individuals and those with lumbar spine 

pathology.  

3.1.  Animal Studies of Lumbar Spine Pathology 

Animal models such as sheep, mouse, rat, and rabbit are commonly used to investigate 

gene expression and cellular characteristics of lumbar spine pathology by introducing mechanical 

intervertebral disc lesions, or via rapid disc degeneration.45,46,59–61  Following injury, animal studies 

have demonstrated increased fibrotic and adipose tissue deposition, increased tissue stiffness, and 

an increase in overall muscle size, fiber and bundle number.61  These changes were observed in 

conjunction with upregulation of  inflammatory (TNF-a, IL1, IL1B, IL6, and IGF-1),59 
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atrophic/myogenic (Phosphoinositide 3-kinase (PI3k), Protein kinase B (Akt1), mTOR, and 

MSTN),45 adipogenic (ADIPOQ)60 and fibrogenic (COL1A1, COL3A1, FN1, CTGF, TIMP1, and 

TIMP2) gene expression.60 

3.2.  Human Studies of Lumbar Spine Pathology 

Few human studies exist to describe the genetic and cellular mechanisms underlying 

pathological muscle.44,57,62,63  Even fewer studies have investigated the relationship between 

lumbar spine pathology and muscle adaptation.44  Of the existing studies, intraoperative biopsies 

of the multifidus muscle in individuals undergoing surgery for lumbar spine pathology 

demonstrated myofiber membrane disruption, cellular infiltration, cells lacking nuclei, and hyper-

contractile cell remnants as well as a prevalence of Platelet-derived growth factor receptor-beta 

(PDGFR-B) positive pericytes or progenitor cells as well as inflammatory cells.63  Similarly, 

individuals with chronic symptoms (>6 months) demonstrated upregulation of fibrogenic genes 

such as CTGF and COL1A1, and downregulation of MMP1 and MMP9; suggesting increased 

fibrotic tissue deposition and reduced extracellular matrix (ECM) breakdown.44   

 While prior studies have investigated many relevant and significant correlations between 

genetic and cellular markers and paraspinal muscle degeneration in individuals with LBP, most 

are limited to genes from a single genetic pathway (i.e. inflammation).46,64–67  Attempting to 

identify a single, or even a small group of genes in relation to a complex pathology such as LBP 

is a stark oversimplification of the many genetic pathways that likely regulate the underlying 

muscle adaptations to disease.  To our knowledge only one prior study has looked cumulatively at 

adipogenic/metabolic, atrophic, fibrotic, inflammatory, and myogenic gene pathways using 

multifidus muscle biopsies from individuals undergoing lumbar spine surgery for LBP.44  

Additionally, to our knowledge, no prior study has investigated the relationship between gene 
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expression patterns and changes in paraspinal muscle degeneration over time in a prospective 

manner across all potentially implicated gene pathways, or following lumbar spine surgery. 

4. Purpose 

The goal of this study was to investigate the relationship between adipogenic/metabolic, 

atrophic, fibrotic, inflammatory, and myogenic genetic pathways and the health (CSA and fatty 

infiltration) of the multifidus muscle before and after lumbar spine surgery in individuals with 

LBP.  We hypothesized that (1) individuals exhibiting greater total multifidus or muscle only CSA 

pre-operatively would demonstrate upregulation of the myogenic gene pathway; (2) individuals 

exhibiting lower total multifidus or muscle only CSA pre-operatively would demonstrate 

upregulation of atrophic, fibrogenic, and inflammatory gene pathways; (3) individuals exhibiting 

greater fatty infiltration pre-operatively would demonstrate upregulation of adipogenic gene 

pathways; and from pre- to post-operatively (4) individuals exhibiting muscle growth following 

surgery would demonstrate upregulation of the myogenic gene pathway; (5) individuals exhibiting 

muscle loss following surgery would demonstrate upregulation of atrophic, fibrotic, and 

inflammatory gene pathways; and (6) individuals exhibiting increased fatty infiltration following 

surgery would demonstrate upregulation of adipogenic gene pathways.  These findings will 

potentially improve our understanding of lumbar spine pathology disease progression in both 

clinical and research settings and help to identify genetic and/or molecular pathways that may be 

barriers to muscle recovery in this patient population.  Clinically, these findings may help highlight 

certain predictive patient characteristics to optimize decision making regarding conservative and 

surgical treatment, and ultimately, more appropriately target treatment strategies aimed at 

preventing paraspinal muscle degeneration over the course of disease progression. 
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METHODS 

1. Cohort 

This was a longitudinal prospective observational study (Level I) of 59 individuals 

undergoing posterior approach lumbar spine surgery for degenerative lumbar spine pathology.  All 

patients underwent an informed consent process to obtain an intraoperative biopsy of the 

multifidus muscle in the lumbar spine and were included if they were undergoing surgery including 

decompression, laminoforaminotomies, laminectomies, discectomies, or fusions (1 to 2 levels). 

Patients with any diagnosed myopathy or systemic neurological condition were excluded.  This 

study was performed in accordance with the Declaration of Helsinki and under approval of the UC 

San Diego Institutional Review Board (IRB111647).  Demographic and condition-specific 

characteristics including age, gender, symptom duration, diagnosis, Oswestry disability index 

(ODI), and Numerical pain rating scale (NPRS) rating were collected at the pre-operative 

timepoint.  

2. Muscle Biopsy 

Multifidus muscle biopsies were obtained intraoperatively during the open posterior 

surgical approach (n=59).  As a standard part of the surgical approach, the multifidus muscle is 

retracted outward from the spinous process, revealing the intervertebral column and disc.  The 

muscle biopsy is collected from retracted multifidus muscle tissue 1cm lateral to the spinous 

process at the spinolaminar border.  Biopsies were obtained at the level and side of the primary 

pathology.  For patients with bilateral symptomatology, biopsies were obtained on the side of 

surgeon’s approach preference.  Biopsies were handled using sterile techniques and immediately 

pinned at in-vivo length longitudinally using sterile non-ferrous magnetic pins and cork, and flash 

frozen using liquid nitrogen-cooled isopentane.  Biopsies were then transported on dry ice back to 
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the laboratory where they were stored at –80oC until processing.  This methodology has been 

previously described.17,44  

2.1.  RNA Isolation and Quantitative PCR 

Approximately 25-50mg of a given muscle biopsy was homogenized in a round bottom 

bead tube (Navy, NextAdvance) with 1 milliliter of QIAzol (Qiagen). RNeasy spin columns 

(Qiagen) were used to extract ribonucleic acid (RNA) by following the RNeasy Lipid Tissue Mini 

Kit protocol for the aqueous phase by following the manufacturer’s protocol.  Extracted RNA were 

analyzed for concentration and quality using QIAxpert Analysis (Qiagen).  After determining 

acceptable purity and concentration, one microgram of complimentary deoxynucleic acid (cDNA) 

was reverse transcribed using the iScript cDNA Synthesis Kits (BioRad).  Quantitative polymerase 

chain reaction (qPCR) was performed on custom plates (BioRad) on a BioRad CFX384 Touch 

qPCR analyzer for a panel of 42 genes associated with adipogenic/metabolic, atrophic, fibrogenic, 

inflammatory, and myogenic pathways, and 40S Ribosomal Protein (RPS18) and Beta-Actin 

(ACTB) as controls (Table 1).  All gene names and corresponding abbreviations can be found in 

Table 1.  Cycle threshold values (Ct-values) were determined using a SYBR green fluorophore.  

On-plate quality assessment was performed to assess genomic DNA contamination and RNA 

quality. 

3. Magnetic Resonance Imaging 

Pre-operative T2-weighted clinical MRIs (n=54) were obtained of the lumbar spine within 

the 6-months preceding lumbar spine surgery.  For a subset of individuals, post-operative clinical 

MRI’s (n=31) were obtained within at least 6-months following surgery.  Individuals with pre-

operative MRI composed the pre-group, and individuals with pre- and post-operative MRI 

composed the longitudinal ∆-group (Figure 2).  Pre- and post-operative MRI image analyses for 
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each patient were performed on images matched as closely as possible to the same vertebral level 

to maintain reliability in MRI outcome measures between the pre- and post-operative timepoints.    

3.1.  Image Analyses 

Open-source MRI processing software (Horos) was used to view and analyze axial MRI 

images.  The image slice corresponding to the level of muscle biopsy specific to each patient was 

identified and saved as an anatomical reference dicom (DCM) in greyscale.  Regions of interest 

(ROIs) were drawn on the anatomical reference image for both right and left multifidus.  

Anatomical reference DCMs and ROIs were arranged in a patient specific manner and analyzed 

for fat fraction (FF), the percent of fatty tissue within the muscle compartment, and total multifidus 

cross-sectional area (total CSA).  As previously described,18 custom MatLab code using a bi-

gaussian distribution was applied to find the intercept between voxel intensity for water and fat, in 

order to differentiate between the two tissue types.  After processing a given sample, we are left 

with an approximation of total CSA (cm2) and FF (%) for each multifidus muscle compartment 

(Figure 3).   

4. Statistical Analyses  

Demographic characteristics were compared between the pre-operative only (Pre-group) and 

the longitudinal (∆-group) cohorts using independent t-tests for continuous variables, and chi-

square tests for binary or categorical variables.  

Raw Ct-values were obtained from all samples (n=59) and read into a qPCR expression set 

using the R Bioconductor package high-throughput qPCR (HTqPCR).68  Ct-values were then 

quantile normalized to the mean Ct-value to obtain gene expression values for each gene.  A 

maximum Ct-value of 39 was applied to all genes of interest to allow for statistical comparison, 

with lower values indicating higher gene expression.68  Unsupervised hierarchical clustering using 
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Euclidean distance was applied to the normalized expression values to generate heat maps and 

visualize potential patterns of gene expression across patients.  

Total CSA and FF of the multifidus were then used to calculate the CSA of fat only (F-

CSA) (cm2) and the CSA of muscle only (M-CSA) (cm2) within the given multifidus muscle 

compartment specific to the side of muscle biopsy.  Mean FF and mean total CSA were then 

calculated between right and left multifidus.  Total CSA, M-CSA, F-CSA, and FF describe 

measurements of muscle size and quality at the side of muscle biopsy, while mean total CSA and 

mean FF describe measurements of muscle size and quality between both right and left multifidus.  

This same MRI processing was repeated for both pre-operative and post-operative MRI.  Change-

scores for the ∆-group were then calculated by subtracting pre-operative MRI outcome measure 

from post-operative MRI outcome measure to give the relative morphological change for each 

given MRI outcome measure following lumbar spine surgery.  A positive change-score for a given 

MRI outcome measure indicates an increase from pre-operative MRI to post-operative MRI, and 

vice versa.  

Associations between gene expression and pre-group MRI imaging measures (n=54) and 

gene expression and ∆-group MRI imaging measures (n=31) were analyzed using SPSS (IBM).  

For each group, univariate analyses were performed between all genes and all MRI imaging 

measures.  Raw p-values from univariate correlations were adjusted for multiple comparisons 

within each gene group using the Benjamini & Hochberg method.69  Significance was set at an 

adjusted p-value threshold of p<0.05, and trends were defined as adjusted p-values<0.1.  Data are 

reported as mean (±standard deviation). 
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RESULTS 

Of the 59 patients with muscle biopsies, 54 patients had matching MRI imaging required 

for the pre-group, and 31 had matching MRI imaging required for the ∆-group (Table 2).  

Individuals in the pre-group were middle-aged, 51.5 (16.9) years old, with moderate to severe pre-

operative disability, 44.9 (21.1), and moderate pre-operative pain, 5.6 (2.8).  Individuals in the ∆-

group were also middle-aged, 48.2 (17.4) years old, moderate to severe pre-operative disability, 

39.1 (21.6), and moderate pre-operative pain, 5.6 (2.8).  Age (p=0.43), disability (p=0.24), and 

pain (p=0.96) were similar between groups.  The median age was 57 years old and 55 years old in 

the pre-group and ∆-group respectively.  There were 22 females and 32 males in the pre-group, 

compared to 13 females and 22 males in the ∆-group.  There were 20 patients with 

symptomatology duration shorter than 6-months (acute) and 34 patients with symptomatology 

greater than 6-months (chronic) in the pre-group, and 10 acute and 21 chronic patients in the ∆-

group.  Gender and duration of symptomatology were similar between groups (p=0.92, and p=0.66 

respectively), and within both the pre-group (p=0.34, and p=0.17 respectively), and the ∆-group 

(p=0.52, and p=0.16 respectively).  In the pre-group and ∆-group, diagnoses were similar, and 

included lumbar spinal stenosis (n=50, and n=28 respectively, p=0.95) with leg pain or weakness 

(n=45, and n=24 respectively, p=0.86), and with concomitant lumbar disc herniation (n=18, and 

n=12 respectively, p=0.76), spondylolisthesis or spondylosis (n=10, and n=6 respectively, p=0.94), 

degenerative disc disease (n=5, and n=4 respectively, p=0.65), and scoliosis or kyphoscoliosis 

(n=3, and n=1 respectively, p=0.65).  Diagnoses were missing for two subjects in both the pre-

group and ∆-group.  In the pre-group and ∆-group, muscle biopsies were obtained from the 

pathological vertebral level L4 (n=23, and n=11 respectively, p=0.77), L3 (n=16, and n=9 

respectively, p=0.98), L5 (n=14, and n=11 respectively, p=0.63), and L1 (n=1, and n=1 
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respectively, p=0.46).  There were no significant differences in the distribution of pathological 

levels between groups. 

Hierarchical clustering of normalized expression values by gene category for all patients 

(n=59) revealed apparent upregulation of pro-fibrogenic genes, and downregulation of anti-

fibrogenic and inflammatory genes which was prevalent among most subjects (Figure 4).   

Relationships between gene expression and MRI in the pre-group (n=54) revealed 

significant associations between downregulation of PPARD (Figure 5a-b) and upregulation of 

COL3A1 (Figure 5c-d) and lower FF (p=0.018, and p=0.047 respectively) and lower mean FF 

(p=0.073, and p=0.028 respectively).  Additionally, downregulation of mTOR (Figure 5e-f) was 

related to greater total CSA and greater mean total CSA (p=0.045, and p=0.032 respectively).  

Finally, there was a trend for an association between upregulation of CASP3 and MSTN gene 

expression and greater F-CSA (p=0.097, and p=0.097 respectively).   

In the ∆-group, followed longitudinally after surgery (n=31), we observed an average 

increase in total CSA by 0.18 (2.7) cm2 and of M-CSA by 0.9 (2.1) cm2, and an average decrease 

of F-CSA by 0.7 (1.5) cm2 and of FF by 7.7 (11.9) %.  Hierarchical clustering of normalized 

expression values by gene category for patients in the longitudinal group (n=31), classified by 

post-operative muscle growth (Figure 6), revealed upregulation of pro-fibrogenic genes, and 

downregulation of anti-fibrogenic and inflammatory genes.  Specific relationships between gene 

expression and MRI demonstrated a trend for an association between upregulation of TIMP1 

(Figure 7a) with increased M-CSA (p=0.098) and upregulation of TIMP3 (Figure 7b) with 

decreased mean FF (p=0.052).  Additionally, there was a trend for upregulation of TNF-a with 

decreased total CSA and decreased mean total CSA (Figure 7c-d) (p=0.072, and p=0.079 

respectively).  
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DISCUSSION 

The broad aim of this study was to investigate the relationship between gene expression 

patterns of functional groups of genes and paraspinal muscle health before and after spine surgery 

for LBP.  Across all patients, hierarchical analyses of gene expression trends indicated 

upregulation of pro-fibrogenic (COL1A1, COL3A1, CTGF, FN1, TIMP1, and TIMP3), pro-

adipogenic (ADIPOQ, CEBPA, and FABP4), pro-atrophic (FBXO32, TRIM63, and FOXO3), 

myogenic (CSRP3), and downregulation of inflammatory (TNF-a, IL1B, IL6, and IL10) and anti-

fibrogenic genes (MMP1, MMP3, and MMP9).  Collectively, these observations suggest that 

individuals in this patient population have upregulation of skeletal muscle atrophy,70–75 

autophagy,70,71,76–80 fibrotic tissue deposition,44,60,67,81–84 and fatty infiltration;60,85–88 which is in 

agreement with previously described muscle degeneration in the presence of lumbar spine 

pathology.17,40,45,59–61,63,89 

We found that pre-operatively, individuals with higher levels of multifidus fatty infiltration 

demonstrated upregulation of adipogenic/metabolic genes, downregulation of fibrogenic genes, 

and a trend for upregulation of atrophic genes. We also observed that individuals with larger 

multifidus CSA demonstrated downregulation of myogenic genes.  Longitudinally, although we 

did not find any significant associations between gene expression and changes in muscle size or 

fatty infiltration ≥6 months after surgery, we did observe trends for relationships between 

increased fibrogenic gene expression and muscle growth as well as fat loss, and trends for 

increased inflammatory gene expression and muscle loss.  

Within the pre-operative MRI group, we observed that the adipogenic/metabolic gene 

PPARD was related to fatty infiltration, which was not unexpected.  However, the directionality 

of this association was contrary to our hypothesis.  PPARD is a ligand inducible nuclear 
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receptor/transcription factor which regulates lipid homeostasis in a variety of tissues including 

muscle,90 and was correlated with greater fatty infiltration in the pre-group.  This is surprising 

given that a prior study of PPARD function in skeletal muscle has shown that PPARD triggers a 

switch from glucose/fatty acid to fatty acid metabolism only, leading to reductions in body fat.91  

One possible reason for our observation is that the demand for turnover of adipocytes in highly 

fatty tissue increases activation of pathways (and subsequently genes) involved in fat metabolism 

within muscle.92  Additionally, upregulation of PPARD has been suggested to lead to increased 

metabolism of branch chain amino acids, muscle wasting, and regulate Signal transducer and 

activator of transcription 3 (STAT3) atrophic signaling.92–95  Another possible reason for our 

observation is that PPARD-mediated muscle atrophy may occur quicker than adipocyte turnover, 

increasing the relative amount of fat within the muscle compartment.  Prior literature also supports 

the concept that PPARD activation is associated with high fat diet, metabolic syndrome, and 

obesity.96,97  Given that many musculoskeletal conditions including LBP have been shown to be 

more severe in individuals with high body mass index and metabolic syndrome,98 this observation 

likely suggests that an individual’s metabolic profile may influence their muscle health.   

Additionally, we observed the upregulation of atrophic gene expression of CASP3 and 

MSTN with greater fatty infiltration.  These findings were not hypothesized, but logical 

considering that upregulation of both CASP399–101 and MSTN102–104 are associated with muscle 

apoptosis and skeletal muscle atrophy.  Therefore, the atrophy of muscle tissue within the 

multifidus may result in increased proportion of adipose tissue within the muscle compartment.  

Additionally, however, expression of CASP3 has been shown to increase with increasing amounts 

of fatty tissue,105 likewise, MSTN-deficient mice have demonstrated suppression of body fat 

accumulation in appendicular muscles;106 suggesting atrophic gene expression may influence 
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adipogenic processes.  Interestingly, both CASP3 and MSTN are downstream targets of STAT3 

signaling, which is in-turn activated via PPARD-mediated phosphorylation, 93–95 and MSTN 

upregulation has been demonstrated alongside increases in multifidus adipose tissue before and 

after lumbar spine surgery in mouse models.45  Further supporting a relationship between atrophic 

and adipogenic processes in multifidus of individuals with lumbar spine pathology.   

Also contrary to our hypothesis regarding pre-operative muscle quality, upregulation of 

fibrogenic gene expression of COL3A1 correlated with lower fatty infiltration in the pre-group.  

COL3A1 is one of various collagen isoforms that compose the ECM, secreted by muscle 

fibroblasts present within the ECM107 in response to muscle injury17,44,60 and with increasing 

mechanical loading.108  Therefore, we initially hypothesized that increased fibrogenic gene 

expression would correlate with worse pre-operative muscle quality (higher fatty infiltration).  

Prior studies have shown upregulation of COL1A1 in chronic human patients,44 and upregulation 

of COL3A1 in a mouse model following SPARC-null mediated disc degeneration,60 however 

neither demonstrated significant associations with lower fat fraction.  One possible reason for our 

observations is that conventional T2-weighted MRI techniques are unable to effectively 

differentiate between muscle and fibrosis due to relaxometry times of fibrotic tissue.109  

Specifically, both muscle and collagen have short signal decay times and appear dark grey on MRI.  

Given that our bi-gaussian analytical methodology was designed to discriminate between high 

intensity (white) and low intensity (grey) signal in MRI, the inability to distinguish between muscle 

and fibrosis using this method may have resulted in an overestimation of true muscle tissue within 

the multifidus muscle compartment.  Therefore, COL3A1 expression may reflect an increase in 

the amount of fibrotic tissue within the multifidus muscle compartment, but it is being counted as 

muscle using this methodology.17  This hypothesis may also explain our observation of 
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downregulation of the myogenic gene mTOR in individuals with greater pre-operative multifidus 

muscle size.  This finding was also contrary to our hypothesis regarding pre-operative muscle size.  

mTOR is a potent regulator of myogenesis via the Akt1/mTOR signaling pathway, and is 

downregulated during skeletal muscle atrophy and upregulated during skeletal muscle 

hypertrophy.110  As such, we would expect to see upregulation of mTOR signaling alongside 

greater multifidus muscle size.    

In the longitudinal ∆-group, hierarchical analyses of gene expression trends by post-

operative muscle growth revealed similar findings to hierarchical analyses across all patients.  Pro-

fibrogenic, pro-adipogenic, pro-atrophic, and myogenic genes appeared to be upregulated and anti-

fibrogenic and inflammatory genes appeared to be downregulated.  Although the clusters did not 

appear to distinguish patients by muscle growth or loss, there did appear to be two sub-clusters 

arranged by opposing expression of pro-atrophic/myogenic genes, CASP3 and ASB15, and 

FBXO32 and CSRP3, respectively.  CASP3 is an important regulator of skeletal muscle atrophy99 

and ASB15 is an important regulator of muscle satellite cell differentiation and development, and 

myoblast turnover.111  Similarly, FBXO32 is an important regulator of skeletal muscle atrophy72,75 

and CSRP3 is an important regulator of skeletal muscle autophagy, muscle satellite cell 

differentiation and development, and the stretch receptor/microtubule-associated muscle lim 

protein.76,78,80  Although speculative, these findings suggest the possibility of two differing cellular 

pathways underlying skeletal muscle atrophy and myogenesis in this patient population, or 

differences in time-course of muscle degeneration at the time of the biopsy. 

Examining specific gene and MRI relationships in the ∆-group, we observed trends for 

upregulation of fibrogenic gene expression of TIMP1 and TIMP3 with muscle growth and reduced 

fatty infiltration, respectively, following lumbar spine surgery.  Both TIMP1 and TIMP3 are pro-
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fibrogenic regulators of fibrosis and ECM remodeling, and negative regulators of the MMP family 

of anti-fibrogenic genes. 67,81,84,112–114  Based on these functions, our hypothesis was that fibrogenic 

genes would be associated with muscle loss or reduced muscle quality post-operatively.  However, 

there is some evidence that TIMP3 is downregulated during adipogenesis, and that upregulation 

of TIMP3 interferes with adipocyte differentiation and adipogenesis, supportive of our 

findings;115,116 in addition to a role as a potent negative regulator of myogenesis via inhibition of 

TNF-a.84,112  Similar to our pre-operative findings, our observations may be partially explained by 

the limitations in our MRI techniques for differentiating fibrotic and muscle tissue.109  Perhaps 

pro-fibrogenic gene expression is influencing the amount of fibrotic tissue within the muscle 

compartment, and, accordingly, increases in tissue identified as ‘muscle’ would lead to relative 

decreases in ratio measures of fatty infiltration like fat fraction over time.  Interestingly, animal 

studies of TIMPs in aged sarcopenic rats versus aged and young controls demonstrated chronic 

upregulation of TIMPs in the sarcopenic group alone,114 suggesting that the combination of aging 

and sarcopenia may be a phenotype linked with demonstrating fibrogenic upregulation.  Similarly, 

previous human studies have demonstrated upregulation of fibrogenic genes in patients with 

chronic lumbar spine pathology.44  Given that this population is older, and most participants had a 

symptom duration of >6 months, the upregulation of these genes is logical.  

Finally, in agreement with our hypothesis regarding muscle loss, we found a trend for a 

relationship between upregulation of inflammatory gene expression of TNF-a and muscle loss 

following surgery.  In lumbar spine pathology, animal models have demonstrated upregulation of 

TNF-a following induction of lumbar spine pathology alongside longitudinal decreases in slow-

twitch muscle fibers and muscle fiber turnover.46  Human studies have also demonstrated 

upregulation of serum TNF-a within two-weeks of the acute onset of LBP, and that upregulation 
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of TNF-a was associated with poor prognoses at 6-months.62  Additionally, upregulation of TNF-

a has been demonstrated to coincide with morphological and histological increases in adipose and 

fibrotic tissue.45 Our findings indicate that TNF-a is facilitating post-surgical atrophy of the 

multifidus muscle.  However, other studies in skeletal muscle have demonstrated a pro-myogenic 

role of TNF-a in response to muscle injury, leading to muscle satellite cell differentiation.57,117  

However, this role as a myogenic or atrophic cytokine may depend on the duration of TNF-a 

signaling; where-as chronic signaling has been shown to prolong early stages of muscle satellite 

cell differentiation.117  It is also suggested that TNF-a is synthesized by myoblasts as an 

autocrine/paracrine signal which may lead to catabolism of muscle, dysfunction of contractile 

mechanisms, and disruption of myogenesis118 as such, the mechanism of TNF in skeletal muscle 

is conflicting.57,117–121  As a whole, our results support the concept that TNF-a is involved in muscle 

atrophy and degeneration after surgery.  

This study did have some limitations.  Primarily, our MRI acquisition techniques lacked 

the ability to fully differentiate between muscle and fibrosis.  This may have contributed to the 

significance of our findings regarding upregulation of pro-fibrogenic genes (COL3A1, TIMP1, 

TIMP3) and greater muscle size pre-operatively, and muscle growth and decreased fatty 

infiltration following surgery.  It is likely that future studies using methods such as ultra-short 

echo-time MRI, able to differentiate between muscle and fibrosis due to extremely short image 

acquisition times, would clarify the directionality and significance of these findings.109  

Additionally, in the future, these findings may be corroborated with histological analyses of this 

same patient population to more readily visualize muscle fibrosis.  Another limitation of this study 

is pre-operative to post-operative MRI mismatch.  While both pre-operative and post-operative 

images for a given patient were matched as closely as possible to the pathological level, between 
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timepoints, researcher matching could not account for variations in MRI slice angle, respiratory 

artifacts, or researcher error.122  This could possibly be addressed by using volumetric analysis, 

where every MRI acquisition in the region of interest (say the lumbar spine or specific vertebral 

level) is cumulatively processed and analyzed, in order to correlate with gene expression findings.  

However, this type of analysis may result in the loss of significance with level or region specific 

gene and morphological associations.123  Additionally, while our findings are a good step towards 

understanding the genetic mechanisms underlying muscle health in this patient population, it is 

difficult to ascribe function to particular gene findings based on associations with morphological 

outcomes, especially without understanding the association between those genes and actual 

cellular activity.  As such, a future direction of this research will likely include protein analyses in 

order to better understand the relationship between gene expression, protein expression/activity, 

and muscle health.  Finally, our cohort only included individuals with lumbar spine pathology 

undergoing lumbar spine surgery.  Future research should include a control group of healthy 

individuals without pathology.  Additionally, future research will likely include individuals with 

LBP undergoing surgery with a pre-operative exercise component; to explore how exercise 

influences gene expression patterns in the presence of lumbar spine pathology. 

 

CONCLUSION 

This study is the first to evaluate the relationships between multiple gene pathways and 

changes in paraspinal muscle health over time following surgery in humans with lumbar spine 

pathology.  Our findings indicate that adipogenesis, atrophy, fibrogenesis, inflammation, and 

myogenesis, collectively influence the degenerative phenotype in this patient population, with 

fibrogenic genes influencing both pre- and post-surgical muscle health.  Although future research 
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is needed to elucidate the temporal features of these processes – and the influence of specific 

disease and patient-specific characteristics such as vertebral level, pathology, age, and gender – 

these findings highlight the importance of studying functional groups of genes and provide 

important information regarding our understanding of muscle degeneration in human lumbar 

musculoskeletal disease.  The influence of fibrogenic and other processes on pre- and post-surgical 

muscle health suggests important potential targets to improve patient function, recovery, and 

prognosis in this population.  
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Figure 1.  Pathological Muscle Adaptations 

T2-weighted axial MRIs of the lumbar paraspinal muscles from three different individuals, 

depicting muscle degeneration which is suggested to progress over the duration of LBP pathology.  

Moving from left (healthy muscle) to right (unhealthy muscle) the erector spinae (ES) and 

multifidus (M) muscle compartments become increasingly infiltrated by non-contractile fatty 

tissue and fibrosis. The erector spinae sit lateral the multifidus at the posterior border of the spinal 

vertebrae.  In conventional T2-weighted MRI imaging, muscle and fibrosis both appear dark and 

fatty tissue appears bright, as depicted in the middle panel. 
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Table 1. Genes and Gene Categories 

Panel of 42 functional genes associated with adipogenic/metabolic, atrophic, fibrogenic, 

inflammatory, and myogenic pathways in skeletal muscle.  Genes were examined using qPCR on 

custom cDNA plates containing these 42 genes of interest, and RPS18 and ACTB as controls.  

 
Gene Category Adipogenic/ 

Metabolic 

Atrophic Fibrogenic 

 

Inflammatory Myogenic 

  

  

  

Gene Name 

(Abbreviation) 

Peroxisome 

Proliferator-

Activated 

Receptor 

Gamma 

(PPARG), 

PPARG 

Coactivator 1 

Alpha 

(PPARGC1A), 

Peroxisome 

Proliferator-

Activated 

Receptor Delta 

(PPARD),  

Fatty Acid 

Binding Protein 

4 (adipocyte 

specific) 

(FABP4), 

CCATT/Enhan

cer Binding 

Protein Alpha 

(CEBPA), 

Adiponectin 

(ADIPOQ),  

Wnt Family 

Member 10B 

(WNT10B) 

Protein 

Tyrosine 

Phosphatase 

Non-Receptor 

Type 4 

(PTPN4) 

Myostatin/ 

Growth 

Differentiation 

Factor 8 

(MSTN),  

Activin 

Receptor 2B 

(ACVR2B), 

Tripartite 

Motif 

Containing 

63/E3 

Ubiquitin 

Ligase 

(TRIM63), 

Forkhead Box 

O3 (FOXO3), 

F-box only 

protein 32 

(FBXO32) 

Caspase-3 

(CASP3), 

Caspase-1 

(CASP1) 

Platelet-Derived 

Growth Factor 

Receptor Alpha 

(PDGFRA), 

Tissue Inhibitor of 

Metalloproteinase 3 

(TIMP3), 

Tissue Inhibitor of 

Metalloproteinase 1 

(TIMP1), 

Matrix 

Metalloproteinase 9 

(MMP9), 

Matrix 

Metalloproteinase 3 

(MMP3), 

Matrix 

Metalloproteinase 1 

(MMP1), 

Lysyl Oxidase 

(LOX), 

Fibronectin 1 (FN1), 

Connective Tissue 

Growth Factor 

(CTGF), 

Collagen Type III 

Alpha 1 Chain 

(COL3A1), 

Collagen type I Alpha 

Chain (COL1A1), 

Transforming Growth 

Factor Beta 1 

(TGFB1) 

Tumor 

Necrosis Factor 

(TNF-a), 

Interleukin-6 

(IL6),  

Interleukin-10 

(IL10),  

Interleukin-1 

Beta (IL1B) 

Embryonic Myosin 

Heavy Chain 

(MYH3),  

Myosin Heavy Chain 

– Type 1 (MYH1),  

Insulin-like Growth 

Factor I (IGF-1), 

Cysteine and Glycine 

Rich Protein 3/ 

Muscle LIM Protein 

(CSRP3), Ankyrin 

Repeat and SOCS 

Box Containing 15 

(ASB15),  

Ankyrin Repeat 

Domain 2-Stretch 

Responsive Muscle 

(ANKRD2),  

Paired Box 7 

Transcription Factor 

(PAX7), 

Myogenin/Myogenic 

Factor (MYOG), 

Myogenic 

Differentiation 

1/Myogenic Factor 3 

(MYOD1),  

Myogenic Factor 5 

(MYF5),  

Mammalian Target of 

Rapamycin (MTOR) 
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Figure 2.  Schematic of Patient Groups 

59 individuals undergoing lumbar spine surgery were consented for intra-operative multifidus 

muscle biopsy.  54 of these same individuals obtained pre-operative magnetic resonance imaging 

of the lumbar spine within 6-months preceding surgery and composed the pre-group.  Following 

surgery, 31 of these individuals obtained post-operative magnetic resonance imaging of the 

lumbar spine 6-months post-operatively and composed the ∆-group.  

Patient’s undergoing lumbar 
spine surgery (n=59) 

Pre-operative MRI (n=54) 

Intra-operative multifidus 
muscle biopsy (n=59) 

Pre-group 
(n=54) 

Post-operative MRI (6-
months) (n=31) 

∆-group 
(n=31) 
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Figure 3.  MRI Image Processing 

Multifidus total cross-sectional area and fat fraction were determined using a custom MatLab 

code to differentiate between muscle and fat.  Regions of interest were drawn around right and 

left multifidus (left panel, green outlines) in T2-weighted axial MRIs of the lumbar spine.  Right 

and left multifidus were evaluated for muscle size (middle top panel), then, a bi-gaussian 

distribution of voxel intensity (right panel) was used to determine the intercept (red circle) 

between water (blue line) and fat (green line).  The intercept is used as a threshold; greater voxel 

intensities are designated as fat and lower voxel intensities are designated as muscle.  This 

analysis highlights muscle as teal and fat as yellow (middle bottom panel) and provides a 

calculation for both right and left multifidus cross-sectional area and fat fraction (middle bottom 

table). 

 

  

Multifidus CSA

CSA of 

fat within 

muscleFat Fraction Right 
Multifidus

49.040%

Fat Fraction Left 
Multifidus

25.351%

CSA Right Multifidus
7.569cm2

CSA Left Multifidus 8.198cm2

Voxel Intensity

Actual (blue dots)

Fit (red line)

Water (blue)

Fat (green)

Fraction 

of Voxels 

at given 

intensity
Fat CSA Muscle CSA
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Patient Demographics Pre-group (n=54) P-Value ∆-group (n=31) P-Value 

Age (Years) 51.5 (16.9)   48.2 (17.4) 0.43 

ODI Baseline 44.9 (21.1)   39.1 (21.6) 0.24 

NPRS Baseline 5.6 (2.8)   5.6 (2.8) 0.96 

Gender       0.92 

Female 22   13   

Male 32 0.34 18 0.52 

Duration of Symptomatology      0.66 

Acute (<6 months) 20  10   

Chronic (>6months) 34 0.17 21 0.16 

†Diagnosis (# of patients)       0.98 

Lumbar spinal stenosis 50   28 0.95 

w/ leg pain/weakness 45   24 0.86 

Lumbar disc herniation 18   12 0.76 

Spondylolisthesis/Spondylosis 10   6 0.94 

Degenerative disc disease 5   4 0.65 

Scoliosis/kyphoscoliosis 3   1 0.65 

Pathological Vertebral Level (# of patients)    0.70 

L1 1  0 0.46 

L2 0  0 NaN 

L3 16  9 0.98 

L4 23  11 0.77 

L5 14  11 0.63 

Table 2.  Patient Demographics 

Both the pre- and ∆-groups were similar in age, ODI, NPRS, gender, duration of 

symptomatology, and diagnoses.  Gender and duration of symptomatology were also similar 

within groups.  In both groups, a majority of patients underwent surgery for lumbar spinal 

stenosis, with other concomitant diagnoses.  There were no significant differences between 

pathological vertebral level between groups. Significance was set at a p-value of p<0.05. 

†Diagnoses were missing for two patients across both groups.  

 



 26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Gene Heatmap of Individuals Undergoing Surgery for Lumbar Spine Pathology 

Hierarchical cluster analysis of quantile normalized gene expression values from intraoperative 

multifidus muscle biopsies (n=59).  The expression levels of 42 genes from fibrogenic, 

inflammatory, adipogenic/metabolic, atrophic, and myogenic pathways were measured using 

qPCR.  Patient groups such as symptom duration, diagnosis, high (<50% fat fraction) versus low 

(>50% fat fraction) muscle quality, and muscle growth (positive changes in muscle cross-sectional 

area post-operatively) and demographics (age, ODI, NPRS, and pathological vertebral level) are 

indicated on the x-axis.  Gene abbreviations are indicated on the y-axis clustered by group (i.e., 

fibrogenic).  Highly expressed genes are denoted by red coloring, and genes with low expression 

are denoted by yellow coloring. 
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Figure 5.  Associations Between Multifidus Gene Expression and Pre-operative 

Morphological Measures 

Individuals with greater unilateral and mean fat fraction demonstrated (a, b) upregulation of 

adipogenic/metabolic gene expression of PPARD (p=0.018, r=-0.346, and p=0.073, r=-0.402, 

respectively), and (c, d) downregulation of fibrogenic gene expression of COL3A1 (p=0.047, 

r=0.386, and p=0.028, r=0.406, respectively).  Individuals with lower unilateral and mean total 

multifidus cross-sectional area demonstrated (e, f) downregulation of myogenic gene expression 

of mTOR (p=0.045, r=0.388, and p=0.032, r=0.400, respectively).  Multifidus muscle biopsies 

were collected intra-operatively (n=59) and gene expression was assessed using qPCR.  Raw Ct-

values were quantile normalized to the mean Ct-value; lower Ct-values representing higher gene 

expression and vice versa.  Morphological measures were evaluated using pre-operative T2-

weighted MRI of the lumbar spine at the level of multifidus biopsy (n=54). Univariate analyses 

were performed between each gene and MRI measure, and p-values were adjusted for multiple 

comparison using the Benjamini & Hochberg method with an adjusted p-value threshold of 

p<0.05, and trends were defined as adjusted p-values<0.1 
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Figure 6. Gene Heatmap by Muscle Growth Following Surgery in Individuals with Lumbar 

Spine Pathology  

Hierarchical cluster analysis of quantile normalized gene expression values from intraoperative 

multifidus muscle biopsies of patients demonstrating muscle growth (“Yes”) and muscle loss 

(“No”) following surgery (n=31).  Muscle growth and muscle loss were determined by the pre-

operative to post-operative change in muscle only cross-sectional area; positive changes in muscle 

only cross-sectional area were designated as muscle growth and vice versa.  The expression levels 

of 42 genes from fibrogenic, inflammatory, adipogenic/metabolic, atrophic, and myogenic 

pathways were measured using qPCR.  Patient groups (symptom duration, diagnosis, muscle 

quality, muscle growth) and demographics (age, ODI, NPRS, vertebral level) are indicated on the 

x-axis.  Gene abbreviations are indicated on the y-axis clustered by group (i.e., fibrogenic).  Highly 

expressed genes are denoted by red coloring, and genes with low expression are denoted by yellow 

coloring. 
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Figure 7.  Associations Between Multifidus Gene Expression and Change in Morphological 

Measures Following Surgery 

Following surgery, individuals with muscle growth demonstrated trends for (a) upregulation of 

fibrogenic gene expression of TIMP1 (p=0.098, r=-0.466), and individuals with lower fat fraction 

demonstrated trends for (b) upregulation of fibrogenic gene expression of TIMP3 (p=0.052, r=-

0.409).  Individuals with lower unilateral and mean total multifidus cross-sectional following 

surgery also demonstrated trends for (c,d) upregulation of inflammatory gene expression of TNF-

a (p=0.072, r=0.422, and p=0.079, r=0.417 respectively).  Multifidus muscle biopsies were 

collected intra-operatively (n=59) and gene expression was assessed using qPCR.  Raw Ct-values 

were quantile normalized to the mean Ct-value; lower Ct-values representing higher gene 

expression and vice versa.  Morphological measures were evaluated using pre-operative and 6-

month post-operative T2-weighted MRI of the lumbar spine at the level of multifidus biopsy 

(n=31).  Change-scores for each MRI measure were calculated by subtracting post-operative MRI 

measure from pre-operative MRI measure.  Univariate analyses were performed using SPSS (IBM) 

between each gene and MRI change-score, and p-values were adjusted for multiple comparison 

using the Benjamini & Hochberg method with an adjusted p-value threshold of p<0.05, and trends 

were defined as adjusted p-values<0.1 
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