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   The so-called spinal wave is a phenomenon 
during which the spine goes through a 
rhythmic oscillation elicited by light finger 
pressure at some sensitized areas of the 
spine, typically, the neck and sacrum. 
 

   The crucial features that the movement is 
rhythmic, that after some initial stimulus it 
becomes self-sustained and hence has no 
sensory input, already point to a Central 
Pattern Generator. 
 

  The standing wave aspect of the CPG is 
confirmed by observing the correlation node 
pattern among the cervical, thoracic, lumbar 
and sacral surface electromyographic (sEMG) 
signals, which appears more clearly on the 
and       subbands of the Daubechies DB3 
wavelet decomposition.  
 

   Since the spinal standing wave has its 
coherence extending from the neck to the 
sacrum, it is considered a phenomenon of 
coherence at a distance, present in normal 
subjects but depleted in quadriplegic subjects.  

4. Results 3. Methods 5. Problem 

       The goals of the present study are three-fold. 
 

 
 

  Reproducibility 

   First (“Case Study I”), we show that the 
results upon which the Central Pattern 
Generator (CPG) hypothesis rests are 
reproducible [3]. 

 Bifurcation 

   Second (“Case Study II”), we add another 
attribute associated with a CPG: the ability 
of the spinal wave to undergo “bifurcation,” 
confirmed by statistical signal processing. 

 Less than ideal signals 

   Third, another purpose of Case Study II is 
to show how to deal with signals that are 
less than ideal. We show that the shift in 
correlation pattern typical of bifurcation 
survives the noise  corruption by performing 
a test of significance with bootstrapping. 

   The control subjects of the two case studies are healthy 
individuals, who signed the IRB-approved informed consent. 
 

   We placed 4 surface Electromyography (sEMG) reduced-
noise tripolar electrodes on the skin of the individuals, 
along their spine, at cervical (C2-C3), thoracic (T4-T6), 
lumbar (L3), and sacral (S2-S4) positions.     

   During Case Study I, we 
recorded 720,000 
samples at a rate of 4 
kHz and centered the 
analysis around a section 
of 100,000 samples, 
where a phenomenon of 
synchronicity of signals is 
visually evident. 

   During Case Study II, we 
recorded three seconds 
of data at a rate of 4 kHz. 
This section comprises a 
set of 12,000 samples, in 
which the bifurcation is 
visually present between 
samples 4,300 and 5,300.  8. Conclusions 

7. Results of the Stated Problem 

   The fundamental process in the sEMG signal analysis is 
the Daubechies DB3 decomposition, which is chosen 
because its mother function mimics the single motor unit 
action potential. 
 

   Let                                                 be either the       or the 
subband of the cervical, thoracic, lumbar and sacral sEMG 
signals respectively. We define the correlations as follows, 

  The randomness is analyzed in terms of the normalized cPSD 
distributions, and we define the “Before” and “After” probability 
density functions,                            with means      ,       respectively. 
 

  We have to show, statistically, that there is 95% confidence in 
asserting that                  at high frequencies, and                  at low 
frequencies. 
 

  Our investigations have shown that                           do not follow 
the Gauss distribution. Thus, to go around the lack of Gaussian 
property, we need to perform bootstrapping of the cPSD values. 

   The      zero correlation nodes are marked with black 
circles and they develop with higher level of accuracy 
than the      nodes, marked with dotted circles. 

     In Case Study II, the specific data section that 
comprises the bifurcation is deliberately avoided, 
because the standing wave momentarily disappears 
and the signals are no longer stationary; thus, the 
analysis is broken down in two parts: “before” and 
“after” the bifurcation. 

Before the Bifurcation After the Bifurcation 

   The most accurate 
“zero correlation nodes” 
are on the       subband. 
 

   The       subband 
showed less accurate 
“zero correlation nodes.” 

   The       subband 
was no longer the best 
to reveal coherence. 
 

   The       subband 
exhibits better “zero 
correlation nodes.” 

6. Analytical Methodology 

   We highlight those cases that concur, with 95% 
confidence level, with the expected qualitative behavior. 

   To confirm the visible shift of coherence from the 
“slow”       to the “fast”      , we developed a statistical 
test of significance where we expect the cross Power 
Spectral Density 

   Bootstrapping is a Monte Carlo method that employs 
repeated samples with replacement from the original data. 
 

   Using bootstrapping we conducted a statistical hypothesis 
test of difference between means to estimate the Achieved 
Significance Level (ASL), also known as p-value. 
 

   We calculate the value of the test statistic for the samples as 
follows: 

   We define the Null Hypothesis        as follows: 

   We define the Alternative Hypothesis        and the bootstrap 
estimated p-value as: 

  The bootstrapping was 
implemented on MatLab by 
MathWorks and on JMP 
Pro 11 by the SAS Institute 
using                       and both 
returned similar p-values. 

     We illustrated the reproducibility of the results of [3] 
indicating that the spinal wave is a coherent movement 
elicited by a Central Pattern Generator, opening the 
road for the potential of this coherence analysis to 
become part of the neurological suite [4]. 

     The standing wave can undergo a bifurcation with a 
shift of coherence from       to      , meaning that the 
motion speeds by a factor of 2, in a process that 
appears to be the reverse of the well-known period 
doubling in dynamical systems theory. 

Where      ,       are the sample means and      ,       the sample 
standard deviations of the cPSD values before and after the 
bifurcation respectively;      is the sample size.  

   We transform the      values from the “Before” sample as                             
  and those from the “After” sample as       
 , where                                   is the mean of the 
combined samples. 
 

   After randomly sampling           and           with replacement, 
we repeat the previous step a total of    times. 
 

   For each bootstrap sample   , we compute the test statistic: 
 

   The statistical test confirms the shift of the 
coherence with the restriction that this happens to be 
prevalent among the lower spine signals, when the 
sacral oscillator is better engaged than the cervical one. 
 

   It is hoped that the technique developed in this 
research will be applicable to confirm other bifurcations. 
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Electrode 
positions 

2. Introduction 

1. Research Goals 

(cPSD),  between 
two signals, to be 
richer in high 
frequency after 
the bifurcation, 
and richer in low 
frequency before 
the bifurcation. 

   The figures 
depict the 
cross-
correlation 
between the 
four different 
sEMG signals 
obtained from 
subband      . 
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   The present study applies to a spinal wave characterized by two mode shape 
standing wave, a wave that normal subject are able to develop with minimum 
entrainment. 
 

   A more complicated wave with three mode shape antinodes can be elicited, but with 
more difficulties though. 

   Here we display the complete set of 4 sEMG signals of Case 
Study II. The signal from the Lumbar spine (red) is highly corrupted 
with noise, which makes the bifurcation difficult to see with the 
naked eye. 

Spinal wave More details on Case Study II signals 
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Enlarged Figures of the Results of Case Study I 
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 Before the Bifurcation  After the Bifurcation 
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