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Abstract

Recently, a temporal “coherent” fractal structure and synchronization of rhythms were proposed
as two essential indicators for efficient voiding during micturition in female rats. The former was
correlated with the intensity and the latter the frequency of physiological signals embedded in random
noise. Studies using both indices confirmed that synergic co-activations of bladder and external urethral
sphincter (EUS) of female rats were present during the voiding of urine. Therefore, it would be inter-
esting to investigate if these two criteria could be used in the performance evaluation of pharmacological
effects on spinal cord-injured rats during micturition. In this paper, the primary goals were to (1)
examine if the involved muscles in the lower urinary tract would be under similar synergic co-activations
during the administration of capsaicin (CAP) and resiniferatoxin (RTX), and (2) characterize quantitatively
the differences of their nervous responses simultaneously. A total of 62 micturition experiments were
performed on sixteen spinal cord-injured adult female Sprague-Dawley rats, and then the electromyograms
of EUS and cystometrograms of bladder were analyzed. Results based on the aforementioned criteria
indicated that the synergy of bladder and EUS during micturition by using RTX was better than that of
the CAP. Furthermore, the residue urine volumes for rats under the former treatment were smaller than
those of the rats under the latter treatment. Consequently, we concluded that the administration of RTX
was more effective than CAP in facilitating voiding in the spinal cord-injured rats.
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Introduction physiological systems is replaced by abnormal temporal
or spatial dynamics. “Dynamical diseases” are used
For many diseases, the normal organization of to characterize such abnormal temporal organization
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(17). For instance, normal operations of the lower
urinary tract to store and void urine rely on the neural
regulation of the central nervous system and peripheral
nervous system (1, 18). The lower urinary tract usually
contains the bladder and external urethral sphincter
(EUS), and they are anatomically coupled. During
micturition, it is mediated by a spinal reflex pathway,
which is organized in the lumbar and sacral regions of
the spinal cord (28). In this paper, in order to describe
the dynamical behavior of the lower urinary tract, the
descriptive term of these two muscle groups being
“synchronized” is used to denote that they have the
same frequencies. The term of these two groups being
“synergic” is used to denote that they have the same
frequencies and persistent signal intensities (3-5). By
investigating the EUS electromyograms (EMG) and
bladder cystometrograms (CMG) of intact rats, we
find that there is synergy between the bladder and
EUS during normal voiding stage (3-5). In determining
the synergy, the frequencies of detrusor and EUS are
temporally synchronized and their signal intensities
are persistent as the fractal dimensions (FDs) being
coherently less than 1.5 during voiding. The modalities
of the spinal cord-injured (SCI) female rats usually
lack either such synchronization or temporal coherence
of FDs, and sometimes both (3).

It is usually believed that after spinal cord injury,
the C fiber afferents must be strengthened. Therefore,
it accounts for the development of overactive bladder
and at least in part for detrusor-sphincter dyssynergia
(2,20, 22,26,27). Capsaicin (CAP) and resiniferatoxin
(RTX) are two specific nerve inhibitors to C-fiber
afferents (9, 10, 16, 21). The drug administration of
CAP or RTX is believed to achieve significant im-
provement of detrusor hyperreflexia and dyssynergia
(2, 11, 15, 16, 21).

In this paper, we will administer CAP and RTX
to two groups of SCI rats and evaluate the dynamic
performance of micturition for each pharmacological
therapy. To assess the pharmacological effects of
these two different drug treatments on voiding ef-
ficacy, we invoked both the FDs and time-frequency
analysis to evaluate if there was any synergic co-
activation of SCI rats during micturition (3-6, 12-14,
19, 23, 24, 29-31). The results would be helpful for
physiologists to assess the curative power of pharma-
cological therapies in animal studies.

Materials and Methods
Experimental Procedures
A total of 62 micturition experiments were
performed on sixteen SCI adult female Sprague-

Dawley rats, weighing 250-400 grams. Spinal transec-
tion at Ty-T;; vertebral bone was performed under

halothane anesthesia. Gel foam was placed between
the severed ends of the spinal cord. After the overlying
muscle and skin were sutured, the rats were treated
with antibiotics (ampicillin 150 mg/kg, intramus-
cularly) for 8-10 days. To prevent over distension of
the bladder, urine was manually expressed every 6-8
h until automatic micturition was developed 7 to 12
days postsurgery. Then, the bladder was manually
expressed two to three times per day. The level of
spinal transection was histologically confirmed post-
mortem after experiments. The Institutional Animal
Care and Use Committee of the Taichung Veterans
General Hospital approved the protocol used in this
study.

After spinal transection, all SCI rats were
examined 6-8 weeks and then were pre-treated with
RTX (1,000 nM, intravesically) or CAP (125 mg/Kg,
subcutaneously) by dividing into consecutive days.
The urodynamic experiments were then performed
4 days later. The vehicle of RTX consists of 10%
ethanol, 10% Tween 80, and 80% physiological saline.
As for CAP, it was administered in a solution con-
taining 20 mg/ml CAP in a vehicle containing 10%
ethanol, 10% Tween 80, and 80% physiological saline.
The 0.3 ml of RTX solution was injected into the
bladder and was kept inside the bladder for 2 h. The
solution was drained after the intravesical treatment.
Among these sixteen SCI rats, six were administrated
with RTX, five with CAP and five without any drug
administration as the controls. Hereafter, the SCI rats
with RTX treatment would be denoted as RTX rats,
the SCI rats with CAP treatment as CAP rats, and the
SCI rats without any drug treatment simply as SCI
rats.

Micturition experiments proceeded as follows.
The rats were first anesthetized with urethane (0.72
g/kg, subcutaneously). A tracheal tube was inserted
so the rat could be placed on a ventilator to facilitate
respiration as usual. Arterial blood pressure was
measured by attachment of a pressure transducer
connected to a cannula in the common carotid artery.
All urodynamic investigations were performed on a
surgically exposed urinary tract and bladder via a
middle abdominal incision. The rostral half of pubic
symphysis was removed to expose the middle urethra
and EUS. The EUS defined here indicated the striated
sphincter muscle surrounding the urethra. Two fine
insulated silver wire electrodes (0.05 mm diameter)
with exposed tips were inserted into lateral sides of
midurethra where muscle fibers of the EUS were
identified.

A polyethylene tube was inserted into the apex
of the bladder dome through one small incision. To
detect the intravesical pressure and infuse physio-
logical saline into the bladder, the polyethylene tube
was connected via a 3-way stopcock to a pressure
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transducer and an infusion pump. The infusion rate
was set at 0.123 ml/min. The CMGs were then mea-
sured under infusing saline solutions at room
temperature. After completion of the micturition
experiments, the residual urine was removed from
the bladder and measured.

Data Acquisition

The CMG and EUS EMG activities were
recorded and then sampled via the MP100WSW system
at rate 500 points/sec. The signals were filtered with
band-stop of 60 Hz to eliminate power line inter-
ference. In fact, the EMG activity of female rats
during micturition was below 50 Hz. Hence, the
sampling rate 500 points/sec was high enough for this
experiment. Among these three groups of adult female
rats used in our micturition experiments, 20 con-
tractions of six RTX rats, 18 contractions of five CAP
rats, and 24 contractions of five SCI rats were then
analyzed.

The Mathematical Model

The rationale behind our modeling was pre-
sented in various previous works (3-8). The model
could be traced back to the Brownian motion ob-
served by R. Brown. According to N. Wiener, the
Brownian motion {B(¢), t = 0) was defined as the
formal integral of the random series of oscillations,

t )
such as f > & e dx, where {§,}, which is a sequence
on=-x

of independent, identically distributed standard com-
plex Gaussian random variables (25). He then proves
that this integral converged both in the L? sense and
almost surely. However, the increments of Brownian
motion are independent, Benoit B. Mandelbrot
proposes in 1968 the so-called fractional Brownian
motion with “correlated” increments for practical
applications. The fractional Brownian motion (FBM)
{By(t), t = 0} with Hurst parameter H and starting
value by at time 0 was defined by him as By(0) = by,
and

By (1) — By(0)

= 1 f ’ -1z —-12
‘r(mm\f_w[(f—ﬂ” 2 (- )"~ 11dB(s)

! H-172 \
+L(l—s) dB(s)f. (1)

The increments of this FBM are now still stationary
but dependent. In most applications, data were always
sampled in discrete-time format. Hence, the discrete-
time fractional Gaussian noise (FGN) process {xy[n]}

could be defined as the increment of sampled FBM.
That is,

xyln] = By[n] — Byln — 1], (2)

where By[n] = By(nT,) and T, is the sampling period.
The autocorrelation function of discrete-time FGN
process, denoted by ry[k], could be evaluated by the
following formula:

E(xyln + klxylnl) = rylk]
= Tl 1P = 20K+ [k - 1), 3)

From these definitions, it is fitting that the discrete-
time FBM and FGN can be used to model the collective
behavior of muscle fibers exhibiting different oscillation
frequencies with or without correlated amplitudes.

Since sampled EMG signals consist of noise-
like activity and sampled CMG signals reflect the
cumulative effect from smooth muscles of the bladder,
they can be modeled as discrete-time FGN and discrete-
time FBM, respectively (3-5, 7, 8). If we take the
difference of the sampled CMG, it then becomes the
discrete-time FGN process. Notice that the discrete-
time EMG signals and differenced CMG signals in
our application are not stationary in the long-term, but
they are wide-sense stationary in the short-term or
during different phases of micturition. For instance,
the bursting period of micturition usually lasts 3~4
seconds, hence the signals of 1-second duration can
be treated as short-term stationary. Hence, it is fitting
for us to use time-frequency analysis and fractal dimen-
sion estimation under proper window size in these
non-stationary time series. Consequently, we will
estimate FDs and spectral frequencies for both EMG
and (differenced) CMG time series to extract physio-
logical and pathological features of all three groups
of rats in our micturition experiments. The detailed
mathematical derivations of the estimations of FD
and spectral frequencies in our time-frequency analysis
are summarized in the Appendices A, B, and C, and
more details can be found in (3-5, 7, 8).

The meanings of FD in physiological signals can
be understood as follows. First of all, it can give us
an indication about the persistency of the “signal
intensity”. The reasons are as follows. The variance
function of FBM is denoted by ((B,(1)?) ~ 1*#
assuming Bg(0) = 0 almost surely. Here the term
((By(1)?) is equivalent to the average “signal
intensity,” and it is proportional to H and the FD is
denoted by D =2 — H. For instance, for Brownian
motion of stationary and independent increments,
the value of H is 0.5 and D = 1.5. According to our
studies, if the muscle groups are at rest, then the values
of H are usually around 0.5 (3, 4). It indicates that the
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muscle fibers are rather independent and not
correlated. If H is greater than 0.5, i.e., 1 <D < 1.5,
the integrated effect of muscle groups can be cate-
gorized as positively correlated or persistent. In this
case, the two different muscle groups have strong and
bursting signal amplitudes. If D is between 1.5 and
2, the corresponding effect can be categorized as
negatively correlated or antipersistent (3-5, 7, 8, 14,
24). Similarly, the autocorrelation function of
discrete-time FGN is also proportional to H according
to equation (3). It is also proportional to signal
intensity as indicated in (31). Hence, D can also be
used as an indicator of the persistence of “signal
intensity” in the FGN case. Secondly, the FD can
be used as one indicator for dynamical synergy in
physiology when combined with spectral frequency
(3-5, 7, 8).

Analysis Method for EMG and CMG Signals

Time courses of the estimated FD and spectral
frequency were represented in color codes. These
colored pictures of spectral frequency and FD were
used as diagnostic tools for all three groups of rats in
our micturition experiments. Both estimations were
based on the spectral distribution function (SDF)
idea via Bochner’s theorem (3, 4, 5, 7, 8, 12, 19, 30,
31). The flowchart of creating these color-coded
pictures was shown in Fig. 1. The steps in Fig. 1 were
explained as follows:

Step 1. Take the difference if the signal x[n] is CMG,
and use the original x[n] if it is EMG.

Step 2. Calculate FD and spectral frequency for the
window size of 1 sec, or 500 points of x[n].

Step 3. Estimate the autocorrelation function of the
signal and then its SDF E).

Step 4. Obtain spectral frequency by taking the dif-
ference on the sampled SDF.

Step 5. Represent F(A) by Legendre polynomials
(LPs) and then find D via a database which is
established on the autocorrelation function
rylk] of discrete-time fractional Gaussian
noise.

Step 6. Go to Step 2 and shift the processing window
one point to the right until the window have
covered the last 500 points of the time series.

Step 7. Represent the results with color codes.

Remark: In Step 5, the LPs were used as the
fundamental bases for the construction of database.
The details were explained in Appendices B and C.
The number of terms for LP was usually small. For
instance, 5 terms were already enough for estimating
the FDs. The improvement of the mean and standard
deviation of FD estimates was not significant when

x[n]

0>

I CMG time series l

v

x[n] = x[n + 1] — x[n]

l

l EMG time series

x[n]

v

.| Windowed data {
"| (data-length 1 sec) |
ACF
v L —P>
window will slide
SDF
v
¥ Represent SDF by
Use differenced SDF as LPs
spectral frequency +
Find D via a
database

All windows done

Represent the results
with color codes

Fractal dimension

Spectral frequency

Fig. 1. The flowchart in the analysis of EMG and CMG
signals.

larger terms such as 6, 7, ... 20, were used. In Step 7,
the values of FDs were between 1 and 2. We encoded
different values of FD with different gray levels by
the following color code. For instance, it would be
encoded in green color if the value was 2. Similarly,
the value of 1.5 was coded in white, and the value
of 1 in blue. As for the magnitudes of spectral fre-
quencies, they were in normalized units (n.u.). The
smallest value 0 was coded in white color and other
low values in green. The maximum magnitude was
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Fig. 2. EMG, CMG, corresponding FDs and spectral frequencies of one complete cycle for an intact rat and a SCI rat. EMG and
CMG signals are plotted by black curves and their corresponding FDs and spectral frequencies are coded according to the color
bar on their righthand sides. Figs. (a)-(d) are for the intact rat while Figs. (e)-(h) are for the SCI rat. (a) EMG signal and
its respective FDs in color code. (b) Time-frequency map for EMG. (c) CMG signal and its respective FDs in color code.
(d) Time-frequency map for CMG. (e) EMG and its respective FDs in color code. (f) Time-frequency map for EMG. (g) CMG
signal and its respective FDs in color code. (h) Time-frequency map for CMG.

denoted as Cmax and coded in blue.
Results

In storage phase, the bladder was filled with urine
and would initiate the voiding desire when the
intravesical pressure reached up to a threshold. As the
experiments proceeded, these two phases, storage and
voiding phases, would be repeated. Figs. 2 and 3
demonstrated just one complete storage and voiding
cycle. For clarity and comparison, the EMG and CMG
signals of intact rats were also included in Fig. 2. In
general, the signals for different cycles in the same
female rat were similar with only minor variations
among the cycles. For different rats, the variations
were certainly much greater. Their FDs were presented
in Tables 1, 2, and 3. The intra- and inter-animal vari-
ations were explained later in the Discussion section.

Fig. 2 demonstrated the EMG and CMG signals

and their resultant characteristics of an intact rat and
an SCI rat. There were eight subplots in this figure.
Figs. 2(a)-2(d) were for the intact rats while Figs.
2(e)-2(h) were for the SCI rats. The illustration of
the intact rats was for comparison only. The EMG
and CMG signals were depicted in black curves as in
Figs. 2(a) and 2(c) and their respective FDs were
displayed by color stripes with a color bar on the
right-hand side. In Figs. 2(b) and 2(d), the time-
frequency maps of EMG and CMG were displayed
aligned with the signals. The Cmax of Fig. 2(b) was
0.12 and the Cmax of Fig. 2(d) was 0.14.

First of all, in Fig. 2(a), the voiding phase could
be identified by inspecting the original EMG signals.
The higher voltage of EMG bursting signals could
be easily seen from 18 sec to 22 sec. Similarly, in Fig.
2(c), the bladder pressure was raised to a higher value
over the threshold about 20 mmHg and an oscillatory
variation in pressure from 18 sec to 21 sec could
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Fig. 3. EMG, CMG, corresponding FDs and spectral frequencies of one complete cycle for an RTX rat and a CAP rat. EMG and CMG
signals are plotted by black curves and their corresponding FDs and spectral frequencies are coded according to the color
bar on their righthand sides. Figs. (a)-(d) are for the RTX rat while Figs. (e)-(h) for the CAP rat. (a) EMG signal and its respective
FDs in color code. (b) Time-frequency map for EMG. (c¢) CMG signal and its respective FDs in color code. (d) Time-frequency
map for CMG. (e) EMG and its respective FDs in color code. (f) Time-frequency map for EMG. (g) CMG signal and its
respective FDs in color code. (h) Time-frequency map for CMG.

be observed. In Fig. 2(b), the spectral frequency of
Fig. 2(a) was computed and the blue spot around the
7 Hz (from 18 sec to 22 sec) illustrated the strong
rhythmic contraction of the EUS during the voiding
phase. More precisely, the 7 Hz component at 18.33
sec of EMG had the maximum power 0.12 n.u. In
Fig. 2(d), the blue spot around 7Hz (from 18 sec to 20
sec) illustrated the strong rhythmic contraction of
bladder during the voiding phase. The 7 Hz com-
ponent at 18.6 sec of CMG had the maximal power
0.14 n.u.. This result clearly indicated that these two
muscle groups were synchronized.

Secondly, in Fig. 2(a), the values of the region
of low FDs (18 sec to 22 sec) for EMG were below
1.2 and were denoted by the blue stripes. In Fig. 2(c),
the values of the region of low FDs (18 sec to 20 sec)
for CMG were below 1.4 and were denoted by the
light blue stripes. To compare the FDs, the mean
value of FDs for EMG in a 4-sec interval during

voiding phase was denoted by urp gy and the cor-
responding mean value of FD for CMG by ugp cme-
Here, urp guc was 1.188 and upp cug 1.374. Hence,
both signals had temporal “coherent” fractal struc-
ture. Combining the results of FDs and spectral
frequencies, we could see that this intact rat was in
synergy during micturition.

As for the SCI rats, Figs. 2(e)-2(h) indicated
that it was not easy to distinguish the voiding phase
from the non-voiding phase even though the voiding
phase was estimated to be between 15 and 25 sec from
Fig. 2(g). The Cmax of Fig. 2(f) was 0.02; the Cmax
of Fig. 2(h) was 0.01. In Fig. 2(f), the significant
frequency component of EMG was noticeable around
8 Hz with the maximum magnitude 0.02 n.u.. Note
that these values were rather small, as compared with
those of the intact rats. In Fig. 2(h), except for the
1 Hz low frequency component with 0.01 n.u., there
were no other significant frequency components in
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Table 1. The mean FDs in three stages of EMG and CMG for six RTX rats. For a given specific contraction, the
values in italics and boldface are the smallest mean FD of EMG and CMG in three stages. The last two
rows, “Avg” and ‘“Std”, are the average and standard deviation of the total 20 contractions

EMG (FD) CMG (FD)
RaNo. ExpNo, ~ before  During o After o Before - During - After
voiding voiding voiding voiding voiding voiding

Rat 1 1 1.704 1.334 1.700 1.856 1.712 1.927
Rat 1 2 1.672 1.454 1.704 1.946 1.798 1.920
Rat 1 3 1.647 1.424 1.708 1.949 1.897 1.953
Rat2 4 1.441 1.142 1.481 1.890 1.764 1.886
Rat 2 5 1.247 1.085 1.409 1.918 1.748 1.919
Rat2 6 1.267 1.242 1.425 1.882 1.793 1.926
Rat 2 7 1.267 1.063 1.235 1.918 1.613 1.924
Rat 3 8 1.595 1.107 1.548 1.990 1.916 1.988
Rat 3 9 1.602 1.100 1.438 1.781 1.761 1.994
Rat 3 10 1.593 1.122 1.584 1.929 1.869 1.966
Rat 3 11 1.593 1.117 1.564 1.981 1.811 1.995
Rat 3 12 1.601 1.144 1.552 1.999 1.951 1.972
Rat 4 13 1.581 1.111 1.612 1.999 1.885 1.999
Rat 4 14 1.619 1.067 1.559 1.999 1.748 1.982
Rat 4 15 1.393 1.071 1.604 1.983 1.927 1.999
Rat 4 16 1.341 1.044 1.396 1.999 1.938 1.999
Rat 5 17 1.048 1.023 1.045 1.759 1.763 1.748
Rat 5 18 1.100 1.021 1.117 1.759 1.741 1.788
Rat 6 19 1.507 1.137 1.652 1.861 1.728 1.830
Rat 6 20 1.475 1.218 1.636 1.816 1.783 1.860
Avg 1.465 1.151 1.498 1.911 1.807 1.929

Std 0.194 0.124 0.187 0.083 0.090 0.073

CMG. In Fig. 2(e), the narrow region of low FDs for
EMG centered around 23 sec, but, in Fig. 2(g), the
region of low FDs for CMG was between 15 sec and
20 sec. Moreover, inside this period, urp cuc was
1.531 and upp gmc 1.543. Combining the results of
FDs and spectral frequencies, we concluded that the
SCI rat had no synergy at all during micturition.

Fig. 3 demonstrated the EMG and CMG signals
and their resultant characteristics of a typical RTX
rat and a CAP rat. We first examined the behavior of
RTX rat in Figs. 3(a) and 3(c). From the time series
of EMG and CMG, it was obvious that the voiding
phase was around 20 sec. The Cmax of Fig. 3(b) was
0.07; the Cmax of Fig. 3(d) was 0.06. In Fig. 3(b), the
3 Hz component on 20.1 sec had maximal power 0.07
n.u.. In Fig. 3(d), the 3 Hz component on 20 sec had
maximal power 0.06 n.u..

In Fig. 3(a), the region of low FDs for EMG was
between 18 sec to 21 sec, and during this period the
FDs were below 1.4. The value of urp gy was 1.334
inside this period. In Fig. 3(c), the region of low FDs
for CMG decreased around 20 sec. However, during
this period the FDs were not below 1.5. The value
urp_cmc Was actually 1.712 inside this period.

As to the CAP rat in Fig. 3(e), the bursting elec-
trical signals between 20 and 25 sec were easily iden-
tified as the voiding phase. In Fig. 3(g), the CMG
showed that this CAP rat had no clear alteration of
the bladder pressure over the threshold. The Cmax
in Fig. 3(f) was 0.13 and the Cmax in Fig. 3(h) was
0.0001. In Fig. 3(f), the blue color region of 6 ~ 8
Hz lasted from 20 sec to 23 sec and the 8 Hz compo-
nent with maximal magnitude 0.13 n.u. was at 20.8
sec. In Fig. 3(h), there was no significant frequency
component of CMG in the whole cycle.

In Fig. 3(e), the region of low FDs for EMG was
between 20 sec to 24 sec, and during this period the
FDs were below 1.4. Moreover, urp guc was 1.215
inside this period, while in Fig. 3(g), the region of
low FDs for CMG was not obvious between 20 sec
and 24 sec. Its urp cmg was 1.572.

To further distinguish the RTX rats from CAP
rats, the statistics of mean FDs of EMG and CMG
were illustrated in Tables 1, 2, and 3. For example,
the “Avg” and “Std” of the last two rows in Tables 1
and 2 indicated the average value and standard devia-
tion of all the contractions under RTX and CAP
treatment, respectively. The average value and stan-
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Table 2. The mean FDs in three stages of EMG and CMG for five CAP rats. For a given specific contraction, the
values in italics and boldface are the smallest mean FD of EMG and CMG in three stages. The last two
rows, “Avg” and “Std”, are the average and standard deviation of the total 18 contractions

EMG (FD) CMG (FD)
RaNo. ExpNo, ~ Defore  Duing o After o Before o During - After
voiding voiding voiding voiding voiding voiding

Rat 7 1 1.349 1.345 1.548 1.587 1.588 1.583
Rat 7 2 1.432 1.278 1.535 1.598 1.581 1.599
Rat 7 3 1.391 1.135 1.569 1.599 1.592 1.598
Rat 8 4 1.574 1.474 1.608 1.563 1.557 1.561
Rat 8 5 1.538 1.377 1.553 1.560 1.560 1.563
Rat 8 6 1.469 1.561 1.561 1.560 1.562 1.563
Rat 9 7 1.497 1.530 1.503 1.638 1.639 1.649
Rat 9 8 1.479 1.529 1.485 1.665 1.637 1.655
Rat 9 9 1.484 1.568 1.521 1.667 1.637 1.658
Rat 10 10 1.300 1.280 1.346 1.570 1.558 1.559
Rat 10 11 1.299 1.269 1.337 1.563 1.548 1.561
Rat 10 12 1.344 1.247 1.332 1.563 1.562 1.552
Rat 10 13 1.296 1.238 1.329 1.577 1.563 1.557
Rat 10 14 1.298 1.230 1.329 1.574 1.557 1.571
Rat 11 15 1.462 1.347 1.569 1.593 1.595 1.602
Rat 11 16 1.465 1.215 1.550 1.566 1.572 1.570
Rat 11 17 1.351 1.220 1.473 1.575 1.576 1.577
Rat 11 18 1.379 1.222 1.466 1.596 1.587 1.582
Avg 1.412 1.337 1.479 1.590 1.582 1.587

Std 0.089 0.138 0.099 0.034 0.029 0.034

dard deviation of mean FDs for intra-animal variations
were listed in Table 3. The mean values of FD in
Tables 1 and 2 were calculated using 4-second intervals
for three stages: before, during, and after voiding.
There were 20 micturition contractions for the six RTX
rats and 18 for the five CAP rats. We compared only
the FDs in EMG and CMG because the CAP rats
usually had no significant frequencies for comparison.
In all the Tables, the values in italics and boldface
were used to denote the smallest value among the three
different stages.

Discussion

In previous studies, we have reached the con-
clusion that for intact rats, the frequencies of EUS
and detrusor of the bladder are synchronized around
7 Hz, and their FDs are temporally “coherent” under
1.5 during voiding to facilitate the micturition pro-
cess (3, 4). In Fig. 2, this result was included for
comparison. The synchronization around 7 Hz of the
EUS and the detrusor are depicted in Figs. 2(b) and
2(d) for reference. The results of FDs and spectral
frequencies hence implied that, for the intact rats, the
bladder and EUS were in synergy during micturition.
A possible physiological significance for the 7 Hz

and FDs is that the conventional belief in the
antagonism of reciprocal innervations (1) shall be
replaced by the concept of synergic co-activation
between the bladder and EUS.

For the SCI rats, Fig. 2(f) is full of green color
code and this phenomenon indicates that there is no
clear spectral characteristic except a weak 8 Hz of
EMG around 23 sec. In Fig. 2(h), the weak 1Hz com-
ponent of CMG is not in rhythmic synchronization
with the EUS. Furthermore, the FDs of EMC and
CMG are not temporally coherent. Hence, the synergy
of the EUS and the detrusor is absent in this SCI rat.

In the RTX rat of Figs. 3(b) and 3(d), there is
weak synchronization of the rhythms of detrusor and
the EUS around 3 Hz with small magnitudes. In Figs.
3(a) and 3(c), the region of low FDs for EMG coincides
with that of CMG. This can be confirmed from the
FDs of EMG and CMG around 20 sec. This coherent
pattern is weaker than that of the intact rats. The
reason for that is because the mean FD for EMG is
1.334, but that for CMG is 1.712. Hence, we can see
that the RTX rat has “weak” synergy during voiding
due to the “weak” synchronization of rhythms and
“weak” coherence of FDs.

In Figs. 3(e) and 3(f), for this CAP rat, the EMG
signals with respective power spectra and the FDs
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Table 3. The average and standard deviation of the mean FDs in three stages of EMG and CMG. Rats 1 to 6 are
RTX rats and Rats 7 to 11 are CAP rats. For a given specific rat, the values in ifalics and boldface are
the smallest average of mean FDs of EMG and CMG in three stages. The “Avg” and “Std” stand for the

average and standard deviation

EMG (FD) CMG (FD)
Rat No Before During After Before During After
) voiding voiding voiding voiding voiding voiding

Rat 1 Avg 1.674 1.404 1.704 1.917 1.802 1.933
Std 0.029 0.062 0.004 0.053 0.093 0.017

Rat 2 Avg 1.306 1.133 1.388 1.902 1.730 1.914
Std 0.091 0.080 0.106 0.019 0.080 0.019

Rat 3 Avg 1.597 1.118 1.537 1.936 1.862 1.983
Std 0.004 0.017 0.057 0.091 0.077 0.013

Rat 4 Avg 1.484 1.073 1.543 1.995 1.875 1.995
Std 0.137 0.028 0.101 0.008 0.087 0.009

Rat 5 Avg 1.074 1.022 1.081 1.759 1.752 1.768
Std 0.037 0.001 0.051 0.000 0.016 0.028

Rat 6 Avg 1.491 1.178 1.644 1.839 1.756 1.845
Std 0.023 0.057 0.011 0.032 0.039 0.021

Rat 7 Avg 1.391 1.253 1.551 1.595 1.587 1.593
Std 0.042 0.107 0.017 0.007 0.006 0.009

Rat 8 Avg 1.527 1.471 1.574 1.561 1.560 1.562
Std 0.053 0.092 0.030 0.002 0.003 0.001

Rat 9 Avg 1.487 1.542 1.503 1.657 1.638 1.654
Std 0.009 0.022 0.018 0.016 0.001 0.005

Rat 10 Avg 1.307 1.253 1.335 1.569 1.558 1.560
Std 0.021 0.021 0.007 0.006 0.006 0.007

Rat 11 Avg 1.414 1.251 1.515 1.583 1.583 1.583
Std 0.058 0.064 0.053 0.014 0.010 0.014

are similar to those of the RTX rats. In contrast, in
Figs. 3(g) and 3(h), the CMG signals and the respective
power spectra and FDs are quite different from those
of the RTX rats. The detrusor exhibits neither sig-
nificant frequency component nor apparent region of
low FDs for CMG. Hence, even though the EUS
of the CAP rat contracts around 7-9 Hz as that of the
RTX rat, it is not coordinated with the CMG signals.
As a result, there is no rhythmic synchronization and
temporal coherence in FDs due to the abnormal
bladder. It is clear from our standards that the
performance of CAP rat is inferior to RTX rats in
these exemplary cycles.

Finally, to make sure that RTX rats are really
superior to CAP rats in synergy of micturition, 20
contractions of six RTX rats are illustrated in Table 1,
and 18 contractions of five CAP rats are shown in
Table 2. Here, the mean FDs of EMG and CMG were
used in these two Tables. In Table 1, we can see that
out of 20 contractions, all 20 have the smallest mean
FDs of EMG signals during voiding, and 19 smallest
mean FDs of CMG signals during voiding except one
after voiding. Note that in the last two rows of Table

1, the average value and standard deviation of mean
FDs in 20 contractions are calculated. The average
value of mean FDs during voiding phase for EMG is
1.151 for RTX rats. It indicates a significant drop, as
compared to the value of 1.465 before voiding and
1.498 after voiding stage. As to the CMG, the average
value is 1.807 for voiding phase as compared to the
other two values: 1.911 and 1.929. Even though it is
not as significant as that of the EMG, the value in
voiding phase is still smaller than the other two stages.
These results indicated that RTX rats have exhibited
significant improvement in the EUS performance and
rather weak synergy between the EUS and bladder.
This conclusion was obtained by the quantitative
characterization of weak synchronization of the
frequency around 3 Hz and slight temporal coherence
in FDs. As to the 18 contractions of the CAP rats in
Table 2, only 14 smallest mean FDs of EMG signals
occur during voiding and 9 smallest mean FDs of CMG
signals occur during voiding. Hence, CAP rats have
exhibited less coordination as compared to the RTX
rats according to our quantitative standards. Notice
that for CAP rats, the average value (1.337) of mean
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EMG FDs during voiding phase has a minor drop as
compared to the value of 1.412 before and 1.479 after
voiding stage. As for CMGs, the average value is
1.582 during voiding phase as compared to the other
two values: 1.590 and 1.587. These three values are
almost of the same order. Hence, the pharmacological
effect is almost insignificant for the bladders of CAP
rats. These results have indicated that CAP rats exhibit
only minor improvement in the EUS performance and
no synergy between the EUS and bladder. For different
cycles of the same rat, there might be minor variations
in FDs. For different rats, the inter-animal variations
in FDs are certainly much greater. These variations in
FDs are listed in Table 3. For instance, the average
value of FDs for rat 1 during voiding stage is around
1.404 and that for rat 2 is around 1.133. Similarly,
other stages have similar phenomena as can been seen
from Table 3.

As to the residual urine (RU) volumes, RU values
for six RTX rats are 0.5, 0.5, 0.18, 0.4, 0.5, and 0.45
ml, respectively. The mean and standard deviation of
these values are 0.422 and 0.125 ml, respectively. The
RU values for five CAP rats are 0.7, 0.4, 0.4, 0.9, and
1.6 ml, respectively. The mean and standard devia-
tion of these five values are 0.800 and 0.495 ml,
respectively. The mean and standard deviation of the
amounts of RU volume for RTX rats are both smaller
than those of the CAP rats. This experimental result
is definitely an important piece of information in
supporting our performance evaluation methodology.

The CAP and RTX are known to be effective in
the C-fiber desensitization by targeting TRPV1
receptors. Clinical studies have also indicated that
bladder hyperreflexia after spinal cord injury is also
related in part to unmyelinated C-fiber. In this study,
the reasons why the results in CAP and RTX-treated
rats are different may be twofold. One possibility is
that two methods desensitize the different population
of afferent C-fibers. Another possibility is that the
potency of RTX is greater than CAP, hence pudendal
and parasympathetic innervations are more synergic
in RTX rats than CAP rats during micturition. Further
study in this direction will be important in the future.

In conclusion, we have successfully used
temporal coherence of FDs and synchronization of
frequencies as two indicators in the quantitative
characterization of dynamic performance evaluation
on the pharmacological efficacy of RTX and CAP
during the micturition of SCI rats. Our results have
revealed that the rats under RTX have weak synergy,
as compared to no synergy for rats under CAP.
Furthermore, the RU volumes for RTX rats are smaller
than those of the CAP rats. Hence, the administration
of RTX for SCI rats seems to be more effective in
facilitating voiding than CAP. It is believed that the
proposed method can be helpful in the performance

evaluation of pharmacological effects, especially for
dynamical diseases.

Appendix A: Bochner’s Theorem and SDF

The estimations of both FDs and spectral
frequencies are based on the SDF idea via Bochner’s
theorem (3, 4, 7, 8, 30, 31). The physiological signals
can sometimes be modeled as wide sense stationary
processes. Without loss of generality, the stationary
processes can also be assumed as zero mean so that
the covariance functions are the same as autocorrelation
functions (ACFs). Since the ACF of discrete-time
fractional Gaussian noise is not square-summable, it
is not possible to define the power spectral density of
such noise by the Fourier transform of its ACF.
However, the SDF is still well-defined and it will be
used in this paper. According to Bochner’s theorem,
a continuous ACF denoted by R(-) will induce a spec-
tral measure which is denoted by F(-) on the real line.
For F defined on intervals with continuous endpoints,
it takes the following form:

X * e~ i2ath _ o—i27ta
= lim R(7) - exp[—
n— o _ j—

1 2a7)*
27T 2 n ldz

(4)

lfor an estimated ACF Ry(n) with finite data length N,
F(-) can also be estimated as follows:

F) = F(10. ) = 5-Ry(0)A
R 2sin(A
% 2 s1nrg n) ’
where A € [0, 2m). 5)

_In practical signal processing, this estimated
F(-) will be designated as the SDF in this paper. The

interval [0, 2x) is then partitioned at points 27k for

k=0, ..., N—1in the following: N
Flk) = P,
=L R0k + L 2 R n)w ,
k=0,..,N-1. (6)

Spectral frequency is obtained by differencing
the sampled SDF as follows.

APTK) = PRy - pPPE D)

>

k=1,..,N—1and AF(0) = 0. (7)
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Appendix B: Legendre Polynomials

The Legendre polynomials are invoked here as
the fundamental bases for representing the SDF (4,
7, 8). Legendre polynomials P,(x) are solutions to
the Legendre differential equation. The polynomials
obey the so-called orthogonal relationship

1
_ 2
f_ 1 P, (x)P,(x)dx = el Opm -

If m =n, §,,, = 1; otherwise, 6,,, = 0. (8)

In this paper, P,(x) is sampled and only the
intervals from O to 1 will be used. Due to symmetry
of SDF at m, only (N/2 + 1) points will be needed in-
stead of N points. Hence, the coordinate value x = 1
for P,(x) corresponds to the position k = N/2 of SDF.
Without loss of generality, we choose N to be an even
number and the length (N/2 + 1) is denoted by L. In
this case, F[N/2] is normalized to 1. Hence, the nor-
malized SDF is a non-decreasing, right-continuous,
and bounded function with F[0] = 0 and F[N/2] = 1.
In addition, the end points match P,(0) =0 and P,(1) =
1 for odd n. The odd LP’s still obey the orthogonal
relationship for x € [0, 1].

Appendix C: Fractal Dimension Estimation

Here, the algorithm for estimating the fractal
dimension is presented as follows. More details can
be found in (3, 4, 7, 8). Since sampled EMG signals
and differenced CMG signals can be modeled as
discrete-time FGN, this algorithm starts from the
theoretical ACF ryl[k] for discrete-time FGN. Its
formula is listed in (3). The ry[k] is used to create a
database for estimating the fractal dimension of real
physiological signals. The calculation of fractal
dimension is divided into two parts. In the first part,
a database using LP’s in Appendix B is generated. In
the second part, according to this database, the fractal
dimension of real physiological signals is estimated.

The detailed steps of the first part are as follows:

Step 1. Initially, depending on the window-size and
K (terms of odd LP’s), we create a new data-
base for fractal dimensions. For instance,
when K is 3, we use P;(x), P3(x) and P5(x) to
represent SDF.

Step 2. Increase H with increment 0.0001 from 0.

Step 3. For each H, calculate the ACF ry[n] and then
its SDF F(A).

Step 4. Fit F(A) with K odd polynomials and get K
fitting coefficients {a;}.

Step 5. Save coefficients {a;} into the database.

Step 6. When H reaches 0.9999, we have obtained
the whole database.

The detailed steps of the second part are as
follows:

Step 1. Calculate the ACF r[n] of the signal x[n] and
then its SDF F(A).

Step 2. Fit F(A) with K odd LP’s and get K estimated
coefficients.

Step 3. Evaluate distances between the estimated
coefficients with coefficients {a;} in the
database. Find the most suitable H by the
least-square distance criterion.

Step 4. Setting D =2 - H.
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