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Figure 2.3 Electronic von Frey anesthesiometer 

A pressure transducer in the probe with an attached filament (left) is connected to an electronic 

unit (right) which displays the measured force on the filament.  

 

Figure 2.4 Von Frey testing setup 

(A) Rat standing on mesh surfaced 

(B) Highlighted hindpaw testing area 

Figure adapted from Ferrier et al. (2016) Bio-Protocol.53 

2.4 Blood collection and processing 

Following determination of hind paw mechanical sensitivity, rats were restrained in a 

plastic cone, and blood was taken from the lateral tail vein and collected into additive-free tubes 

(model 365963; BD, Franklin Lakes, NJ). Personnel were trained to draw blood on a dummy rat 

prior to the experiment or had previous experience with the procedure. After collection, blood 
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samples were allowed to clot at room temperature for 40 minutes before being placed on ice until 

further processing. The blood was centrifuged at 2,000g for 15 minutes, and the serum was 

aliquoted and stored at -80°C until analysis. NGF serum concentration was determined using a 

commercially available double-antibody sandwich enzyme-linked immunosorbent assay (ELISA, 

catalog no. MBS2701224; MyBioSource, San Diego, CA).
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CHAPTER III 

NERVE GROWTH FACTOR, BUT NOT PAIN RECOVERY, DUE TO WHOLE-BODY 

VIBRATION IS FREQUENCY-DEPENDENT IN THE RAT 

3.1 Background 

WBV has been shown to increase degeneration of the IVD from both in vivo and ex 

vivo/in vitro models. Following two, four, or eight weeks of WBV in mice, there was a reduction 

in the disc height index, more significant degeneration, and greater expression of genes coding 

for matrix degradation enzymes in the IVD.46,48 In vivo cyclic compression of the caudal tail IVD 

in rats also resulted in reduced IVD height.54 Vibration of the whole disc reduced cell viability in 

the annulus fibrosus and nucleus pulposus,55 and vibration of isolated nucleus pulposus cells 

decreased aggrecan, collagen type III, and matrix metalloproteinase 3 gene expression.56 A 

comprehensive review of these and similar studies can be found in Patterson et al. 2021.57 

NGF is a neurotrophin that mediates neuronal growth and death and is associated with 

increased pain.58–60 Expression of NGF gene promotes IVD innervation,61 is elevated in 

degenerate IVD,62 and is thought to play a significant role in pain originating from the 

degenerate IVD.63 NGF gene and protein expression have been shown to increase in the IVD 

following painful WBV exposure in rats, as determined using von Frey.44 Inhibition of NGF 

through monoclonal antibodies is also being considered as a therapeutic target for LBP, with the 

anti-NGF antibody tanezumab recently submitted to the FDA for approval.61,64,65 Finally, there is 
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an increasing interest in the use of serum biomarkers to improve LBP diagnosis,66–68 and based 

on its role in IVD degeneration and LBP, NGF may be a good candidate for such a biomarker. 

The majority of in vivo studies of LBP from WBV focus on elucidating the 

pathophysiology thereof, with little focus on improving LBP diagnosis. In light of this fact, we 

studied the effect of repeated WBV at 8 Hz or 12 Hz on serum NGF concentration, IVD 

degeneration, and mechanical sensitivity using a rat model. The resonant frequency of the rat 

spine was previously found to be around 8-9 Hz, which resulted in greater mechanical sensitivity 

than WBV at other frequencies.37,45 It is also not clear if there is a point at which recovery is 

unlikely to occur following repeated WBV. Four weeks of recovery following four weeks of 

WBV was not sufficient time to recover from IVD degeneration in mice.48 The capacity to 

recover from IVD degeneration has not been assessed on shorter WBV exposure times. 

Therefore, we hypothesized that NGF concentration would increase over time, animals would 

not recover within one week after WBV ceased, and that 8 Hz would result in greater pain-like 

behavior and NGF response than 12 Hz. 

3.2 Materials and methods 

3.2.1 Experimental design 

Thirty-six outbred male Sprague-Dawley rats, 66-70 days old and weighing 285.0 ± 1.1 

g, were used. Prior to the beginning of the studies, rats were acclimated to the vibrations 

chamber and von Frey enclosure for 10 minutes per day for five days. Rats were randomly 

assigned to a control group (n=12), an 8 Hz frequency group (n=12), or a 12 Hz frequency group 

(n=12). Rats were exposed to WBV for 30 minutes per day, every other day for 14 days, 

followed by seven days of recovery. Immediately following WBV, or at the same time of day 

during the recovery period, rats were assessed for mechanical allodynia by measuring the 
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withdrawal threshold of the hind paws every other day for the entire study. Blood was collected 

the day before vibration and every four days thereafter to determine serum NGF concentration. A 

timeline of procedures can be found in Table 2.1. 

Table 3.1 Experimental outcome measures and timeline for the recovery study 

Day WBV Von Frey Blood Draws Euthanasia 

0  X X  

1 X X   

3 X X   

5 X X X  

7 X X   

9 X X X  

11 X X   

13 X X X  

15  X   

17  X X  

19  X   

21  X X  

22/23    X 

3.2.2 Histological analysis of intervertebral disc 

Immediately following euthanasia, the lumbar spines (three spines per group, two IVDs 

per spine: n = 6 IVDs per group) were excised and fixed in 4% paraformaldehyde solution for 

two weeks at 2-8°C, then decalcified in Kristensen’s solution at 22-25°C for one day. The spines 

were then routinely processed, embedded in paraffin, cut at 5 µm, and stained with hematoxylin 

and eosin (H&E).  

Scoring parameters were adapted from a mouse IVD scoring system by Tam et al., 

2018.69 The adapted scoring system assessed nucleus pulposus (NP) structure, NP clefts/fissures, 

annulus fibrosus (AF) structure, and AF-NP boundary.  The AF clefts/fissures as defined in the 

original scoring system were not scored in this modified scoring system, as there was mild 

artifact within the tissue sections that precluded evaluation. Therefore, each disc had a total 
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potential score of 12 points. IVDs were imaged at 20X. IVD images were blinded and 

independently scored by two individuals (one boarded veterinary pathologist and one second-

year veterinary pathology resident) who had reviewed the scoring system. Scores for each 

parameter were averaged between the two observers and are reported separately and as a 

summation. 

3.2.3 Statistics 

The sample size was determined a priori assuming a Cohen’s effect size of 0.8, 90% 

power to detect a difference, and 99% significance level. NGF serum concentration was used as 

the basis of power analysis as its use as a biomarker for LBP was the main focus of this study. 

The total sample size required would be n = 11 for three groups and five measurements of NGF 

serum concentration; this value was rounded to n = 12 to account for adverse events 

necessitating the removal of animals from the study.  

The withdrawal threshold and NGF serum concentration were normalized to the baseline 

response (day 0) before analysis. A repeated-measures mixed-effects model with the Geisser-

Greenhouse correction was used to compare groups, with pairwise comparisons carried out with 

Tukey’s honest significant difference. Baseline comparisons were done using Wilcoxon signed-

rank tests. Histological scores were compared using the Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. All data are shown as average ± standard error. All analyses 

were performed in GraphPad Prism V9.0.0.  
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3.3 Results 

3.3.1 Mechanical sensitivity 

The mechanical sensitivity was determined by hind paw withdrawal threshold every other 

day and then normalized to day 0. Compared to day 0, the mechanical sensitivity of the 8 Hz 

group was greater on days 11, 15, 17, 19, and 21 (p<0.05, Figure 2.2). For the 12 Hz group, the 

mechanical sensitivity was lower than baseline only on day 3 (p<0.05). The Control group was 

also greater than baseline on days 3, 11, 13, 15, 17, 19, and 21 (p<0.05). While the 8 Hz group 

did not differ from the Control group on any day, the mechanical sensitivity for the 12 Hz group 

was significantly lower than both Control and 8 Hz on day 3 (p<0.05 for both).  

 

Figure 3.1 Fold-change in hindpaw withdrawal threshold from baseline (day 0) for the 

recovery study 

The thresholds for the Control and 8 Hz groups increased over time but did not differ from each 

other. The threshold of the 12 Hz group decreased significantly on day 3 only. (n=12; *p<0.05, 

vs. baseline; #p<0.05, vs. Control; =p<0.05, vs. 8 Hz) 
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3.3.2 Serum analysis of nerve growth factor 

NGF concentration in serum of the 8 Hz group was greater than that of the Control group 

on days 5, 9, 13, and 21 (p<0.05, Figure 2.3). The Control group NGF serum concentration 

increased from baseline on days 5, 9, and 17 (p<0.05). The 8 Hz group was greater than baseline 

on days 13, 17, and 21 (p<0.05), while the 12 Hz group was greater than baseline on days 13 and 

17 only (p<0.05). The 12 Hz group did not differ from the Control group on any days. The 8 Hz 

group was greater than 12 Hz on days 13 and 21 only (p<0.05). Further, the NGF concentration 

peaked in the 8 Hz group on day 13 but did not peak in the 12 Hz group until day 17. The mixed-

effects model showed that there was a statistically significant interaction between the “day” and 

“group” factors (p<0.05). 

 

Figure 3.2 Fold-change in nerve growth factor serum concentration from baseline (day 0) for 

the recovery study 

The concentration increased three-fold in the 8 Hz group on day 13 and did not recover to 

baseline by day 21, while the concentration in the 12 Hz group increased twofold on day 17 and 

returned to baseline on day 21. (n=8-12; *p<0.05, vs. baseline; #p<0.05, vs. Control; =p<0.05, vs. 

8 Hz) 
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3.3.3 Histological analysis of intervertebral disc 

The total disc degeneration score was not different between groups (Figure 3.3(a)). The 

scores for the parameters of IVD degeneration (NP structure, NP clefts/fissures, AF structure, 

and AF-NP boundary) did not differ between groups (Figure 3.3(b-e)). For the NP structure, 

discs had a single mass of NP cells with little segregation (score 0), cell cluster formation with 

loss of <50% of cells (score 1) or cell cluster formation with >50% cell loss (score 2) (Figure 

3.4).  For the NP cleft/fissure, discs had no clefts (score 0), mild clefts with the length of the cleft 

<50% of the NP compartment (score 1) or severe clefts with the length of the longest cleft >50% 

of the NP compartment (score 2) (Figure 2.4(a)).  For the AF structure, discs had a concentric 

lamellar structure (score 0) or more serpentine lamellae with rounding of the cells lining the 

lamellae (score 1) (Figure 2.4(a)).  For the AF/NP boundary, discs had a clear-cut boundary 

(score 0) or discontinuity of the boundary with or without round chondrocyte-like cells (score 1). 

None of the discs evaluated approached the upper limits of the modified scoring system as the 

highest average total score was 5.5 out of a possible score of 12.  

The total disc degeneration score did not reveal significant differences between groups 

(Figure 2.4(b)). The 8 Hz group had a slightly higher score than the Control and 12 Hz groups, 

but not significantly so (p>0.999 and p=0.166, respectively). The 12 Hz group did not differ 

from Control (p>0.999). The scores for the parameters of IVD degeneration did not differ 

significantly between groups. The score for NP structure was only slightly higher than Control 

(p=0.7261), and the NP clefts/fissures score was slightly lower in the 12 Hz group than the 

Control group (p=0.341) (Figure 2.4(c)). The AF structure score was lower in the 12 Hz group 

than the Control group, but not significantly so (p=0.0632). Likewise, the 12 Hz group had a 

slightly lower AF-NP boundary score than the 8 Hz and Control groups (p=0.154 for both). 
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Figure 3.3 Intervertebral disc histological analysis for the recovery study  

(a) The total average histological score for each group. Histological scores for specific IVD 

scoring parameters: (b) Nucleus pulposus (NP) structure, (c) NP clefts/fissures, (d) Annulus 

fibrosus (AF) structure, and (e) AF-NP boundary. No differences were noted for either the total 

average score or the individual parameters. (n=6) 
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Figure 3.4 Disc histology representative of scoring parameters 

Nucleus pulposus (NP) structure – a single mass of NP cells with little segregation (score 0), cell 

cluster formation with loss of <50% of cells (score 1), or cell cluster formation with >50% cell 

loss (score 2). NP cleft/fissure - no clefts in the NP (score 0), mild clefts with the length of the 

cleft <50% of the NP compartment (score 1), or severe clefts with the length of the longest cleft 

>50% of the nucleus NP compartment (score 2). Annulus fibrosus (AF) structure - concentric 

lamellar structure (score 0) or more serpentine lamellae with rounding of the cells lining the 

lamellae (score 1). AF/NP boundary – discs had a clear-cut boundary (score 0), or discontinuity 

of the boundary with or without round chondrocyte-like cells (score 1). H&E, bar = 200 µm. 

3.4 Discussion 

Although there is substantial epidemiological evidence linking WBV and back pain,19,20 

these data do not provide insight into the mechanics of LBP from WBV. Animal models are thus 

a useful avenue for determining the connection between vibration exposure and pain.37,44,45,70 In 

this study, 8 Hz WBV was chosen to coincide with more recent work showing pain-like behavior 

in rats at frequencies around 8-9 Hz. Another group was vibrated at 12 Hz to provide a 

comparison to a frequency that should not increase pain to the same degree, as it is outside the 8-
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9 Hz resonant frequency range. Thus, it was hypothesized that 8 Hz would result in more 

significant pain and an increase in NGF serum concentration than 12 Hz. Indeed, the 

concentration of NGF in the 8 Hz group increased threefold after two weeks of WBV exposure, 

while the 12 Hz group increased twofold. The von Frey results, however, were inconclusive in 

determining pain response. It was expected that WBV at 8 Hz would result in greater IVD 

degeneration than at 12 Hz, but no differences were observed among groups.. 

Although the previous work demonstrating resonance at 8 Hz was performed on dead rats 

or rats under isoflurane anesthesia, the study here utilized conscious live rats. Vibration increases 

spinal muscle activity to stabilize the spine,16 but this response is absent in anesthetized 

individuals. The difference in muscle stiffness between conscious and unconscious animals way 

alter the resonant frequency of the spine. Our von Frey withdrawal threshold results did not 

coincide with results in previous studies on unconscious rats, which showed a decrease in 

withdrawal threshold from single or repeated exposure to vibration at resonance.38,45 All groups, 

including the Control group, showed an increase in withdrawal threshold over time (Figure 3.2). 

Because the Control group also differed on multiple days, we could not make any conclusion 

about recovery following cessation of WBV. These data indicate instead that there was a 

habituation effect to the von Frey procedure, with reduced responses over time due to the number 

of repeated measurements within the three-week study. The von Frey method did not provide a 

conclusive determination of pain response in this study, and another method, such as the tail-

flick test, may provide a better measure of pain.52 Habitutation could have been mitigated by 

performing von Frey measurements for several weeks prior to beginning the experiment. Further, 

using a measure such as the rat grimace scale and observation of cage behavior would coincide 

more with the disabling aspects of LBP in humans. 
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Previous work showed that NGF protein and mRNA expression was increased in the IVD 

following vibration exposure.44 NGF may thus be a potential biomarker that could be used for 

the diagnosis of LBP from WBV. The concentration of NGF increased in the serum after two 

weeks of WBV exposure, more so in the 8 Hz group than the 12 Hz group (Figure 3.3). It also 

shows that one week of recovery following WBV at 8 Hz is not sufficient for NGF serum 

concentration to return to baseline values. There was an earlier peak response to WBV at 8 Hz 

than at 12 Hz, indicating that the two frequencies invoke different time-dependent responses to 

WBV. NGF, like other neurotrophic factors, has a short half-life and is cleared from the plasma 

within days following sustained delivery.71 At less harmful frequencies such as 12 Hz, it would 

be expected to clear rapidly during recovery from WBV. From this data, it can be concluded that 

the 8 Hz frequency evokes an earlier, longer-lasting response to WBV than the 12 Hz frequency. 

However, the 8 Hz group may have recovered after additional time past the one-week endpoint. 

This provides evidence that NGF serum concentration may be useful for the diagnosis of LBP. 

Further, anti-NGF treatment could potentially be a therapy for WBV-induced LBP. Because 

NGF tissue localization was not determined and NGF has both neurotrophic and apoptotic 

abilities in the body, further study is warranted to determine the involved pathways. Of particular 

interest would be the p75 neurotrophin receptor (p75NTR) and the tyrosine kinase receptor A 

(TrkA), whose signaling with neurotrophins impacts afferent survival and growth.72–74 p75NTR 

promotes survival and growth when coupled with TrkA, but induces apoptosis when coupled 

with sortilin.75 NGF concentration did not peak until the last day of WBV, so it is unclear if NGF 

would continue to increase past this point, level off, or even decrease if WBV exposure 

continued. Additionally, NGF concentration did not recover in the 8 Hz group by the end of the 

study, so the time for NGF to recover to baseline after 8 Hz of WBV could not be determined. If 
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the recovery period had been extended past the one-week endpoint, recovery in the 8 Hz group 

may have been detectable. 

Neither WBV group had significantly greater disc degeneration scores than the Control 

group, though the AF-NP and AF structure scores were slightly lower in the 12 Hz group 

compared to Control or 8 Hz (Figure 3.4). A low sample size of only three rats per group and 

two discs per rat (n=6) were analyzed, which reduced statistical power for this outcome measure. 

One study performed on mice showed IVD degeneration did not recover four weeks after four 

weeks of WBV exposure.48 Previous ex vivo studies of the IVD under cyclic compression 

revealed AF delamination,76 reduced cell viability,55 and reduced proteoglycan synthesis 

compared to controls.77 Similarly, in the same studies, the NP experienced reduced cell 

viability55 and proteoglycan synthesis.77 Interestingly, the scores for NP clefts and AF-NP 

boundary were both slightly lower in the 12 Hz compared to Control and 8 Hz, but the 8 Hz 

group was similar or identical to the Control group. In previous WBV experiments in mice, NP 

clefts were not noted upon IVD degeneration scoring, but a loss in a distinct AF-NP boundary 

was.46,48 Unfortunately, processing artifacts that caused AF clefts in all samples prevented 

scoring of the AF clefts, which may have provided additional information regarding degenerative 

changes in the IVD. Further study is needed to assess frequency-dependent IVD degeneration. 
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CHAPTER IV 

EFFECT OF EXPOSURE TIME ON NGF SERUM CONCENTRATION AND SPLEEN, 

THYMUS, AND LONGISSIMUS MUSCLE CYTOKINE CONCENTRATION  

DUE TO WHOLE-BODY VIBRATION 

4.1 Background 

There is little up-to-date research on the effect of WBV on internal organs, including 

primary and secondary lymphoid organs, which may play a role in the initiation and maintenance 

of pain and inflammation from WBV.78,79 The spleen functions as a secondary lymphatic organ 

in which B-cells and T-cells are activated and as a blood filtration system for the removal of 

particulates and aged erythrocytes.80 The thymus is the site of thymocyte maturation into T-cells 

and positive and negative selection T-cells for major histocompatibility complex specificity.81  

Signals from injured cells and tissues in the spine can initiate an inflammatory response 

by the immune system. The immune system plays a vital role in neuropathic pain,82,83 and 

macrophages84 and mast cells85 have been found to play a role in IVD degeneration. Repeated 

WBV in mice increased IL-1β gene expression in the IVD as well as IVD degeneration.48 WBV 

at the resonant frequency of the rat spine (8 Hz) resulted in greater calcitonin gene-related 

peptide (a neuropeptide), glial fibrillary acidic protein (expressed by activated astrocytes), and 

ionizing calcium-binding adapter molecule 1 (microglia and macrophages) expression in the 

dorsal root ganglia and spinal cord.37,45 However, these studies consider immune responses 

occurring at the site of injury and not the response originating from immune tissues themselves. 
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LBP may be due to nociceptive pain from musculoskeletal tissue injury or neuropathic 

pain from damage to neural tissues.31 In particular, current evidence suggests a neuromuscular 

component to LBP following WBV. However, no in vivo studies have examined the back 

muscular response to WBV. The gastrocnemius and soleus responses have been studied, showing 

increased vascularization86 and adaptations in motor unit excitability,87,88 but it is unclear if these 

data are associated with similar changes in back muscles. Additionally, there is a local increase 

in metabolic activity in the gastrocnemius and vastus lateralis muscles during WBV.89 

Furthermore, while the changes were deemed beneficial, increased muscle activity during WBV 

is not necessarily an indicator of physiological improvement. Spinal muscles have repeatedly 

been shown to contribute significantly to the biodynamic response of the spine under WBV. The 

increased motion of the spine at resonant frequencies requires a corresponding increase in 

muscle activity to stabilize the spine,16,90 which may contribute to the back muscle fatigue 

associated with WBV.8,17 

Considering the relative absence of research into back muscle and immune organ 

responses to WBV in vivo, the objective of this study was to evaluate the inflammatory responses 

of the spleen, thymus, and longissimus muscle following repeated WBV exposure. In addition, 

the results of the previous research showed that NGF serum concentration peaked on day 13 of 

WBV, the final day of WBV exposure. Additional work is needed to assess NGF serum 

concentration past two weeks of WBV. It was hypothesized that animals would exhibit a reduced 

withdrawal threshold, NGF serum concentration would increase over time, and the cytokine 

concentrations in the spleen, thymus, and longissimus would collectively differentiate vibrated 

and non-vibrated animals.  
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4.2 Materials and methods 

4.2.1 Animals and experimental design 

Thirty-nine outbred male Sprague-Dawley rats, age 66-70 days old and weighing 309.5 ± 

2.0 g, were used. Rats were randomly assigned to a Control 2 weeks group (n = 9), a Control 4 

weeks group (n = 9), a Vibration 2 weeks group (n = 12), or a Vibration 4 weeks group (n = 9). 

The 2 weeks groups were euthanized on day 13, and the 4 weeks groups were euthanized on day 

27. Rats underwent WBV at 8 Hz for 30 minutes per day, every other day, for 14 days (2 weeks 

groups) or 28 days (4 weeks groups). Mechanical allodynia was determined immediately after 

vibration every day. Blood was collected the day before vibration and then every four days for 

the rest of the study to determine serum NGF concentration. Immediately following euthanasia, 

the spleen, thymus, and longissimus muscle were excised and flash-frozen in liquid nitrogen.  

Table 4.1 Experimental outcome measures and the timeline for the exposure time study 

Day 
2 weeks groups 4 weeks groups 

WBV Von Frey Blood Draws Euthanasia WBV Von Frey Blood Draws Euthanasia 

0  X X   X X  

1 X X X  X X X  

3 X X   X X   

5 X X X  X X X  

7 X X   X X   

9 X X X  X X X  

11 X X   X X   

13 X X X X X X X  

15     X X   

17     X X X  

19     X X X  

21     X X   

23     X X X  

25     X X   

27     X X X X 
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4.2.2 Tissue collection and processing 

Immediately following euthanasia, the spleen, thymus, and longissimus muscle were 

excised, flash-frozen in liquid nitrogen, and then stored at -80°C until further processing. 

Approximately 0.2 mg of tissue specimen was homogenized with a rotor-stator homogenizer in 

0.5 mL of cell lysis buffer (catalog no. EPX-99999-000; Life Technologies, Carlsbad, CA). The 

spleen and thymus homogenates were centrifuged at 15,000g at 4°C for 30 minutes, and the 

longissimus muscle was centrifuged at 20,800g at 4°C for 30 minutes. The supernatant was then 

removed and stored at -80°C until analysis. The concentrations of interleukin-1α (IL-1α), IL-10, 

IL-1β, IL-2, IL-4, interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), NGF, and vascular 

endothelial growth factor (VEGF) were determined in the tissues using a custom ProcartaPlex 

multiplex immunoassay (catalog no. PPX-09; Thermo Fisher Scientific, Carlsbad, CA). 

4.2.3 Feature selection and classification 

For feature selection and classification using the tissue biochemical data, both Control 

groups were pooled into one class, and both Vibration groups were pooled into another to 

increase the animal size per class and improve model performance. The number of weeks was 

included as a predictive feature. Thus, with the 19 tissue biochemical features, 20 features total 

were used to predict WBV exposure. The ReliefF algorithm was used to rank predictors by 

importance. Briefly, Relief algorithms estimate feature importance based on their ability to 

distinguish between neighboring data points of different classes.91 ReliefF is an extension of the 

original Relief algorithm that can better handle incomplete and noisy data.91  

Forward feature selection was then used in building the classification models, starting 

with the simplest model with the highest-ranking feature and then iteratively adding more 
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features in order of rank. Thirty iterations of leave-one-out cross-validation were used to 

optimize several different classification models: support vector machine (SVM), K-nearest 

neighbors (KNN), ensembles, discriminant analysis, and naïve Bayes. The performance of the 

optimized models was then assessed on the full dataset. 

The classification models were optimized over several parameters unique to the 

respective method using Bayesian optimization. SVM was optimized over the box constraint 

level and kernel function. KNN included K, distance metric, and distance weight. Ensembles 

were optimized over the ensemble aggregation method, the number of learners, the learning rate 

for shrinkage, and the maximum number of decision splits per tree. Discriminant analysis 

included the discriminant type (linear, quadratic, etc.). Naïve Bayes was optimized over the data 

distribution and kernel type. Model optimization was performed using the MATLAB 

Classification Learner app (MATLAB R2018a, The MathWorks, Natick, MA). 

4.2.4 Statistics 

For the withdrawal threshold data on days 0-13, the Control 2 weeks group was pooled 

with the Control 4 weeks group, and the Vibration 2 weeks group was pooled with the Vibration 

4 weeks group. A repeated measures two-way ANOVA was used to compared groups. This 

analysis was repeated for comparing the Control 4 weeks and Vibration 4 weeks groups on days 

0-27. The data were divided in the same manner for the NGF serum concentration data. A 

repeated-measures mixed-effects model was used due to two missing data points. Simulation-

based multiple comparisons were used. Statistical analysis was performed using SAS V9.4. All 

data are shown as average ± standard error. 


