Imaging Cancer and Healthy Cell Sounds in
Water by Cymascope, Followed by Quantitative
Analysis by Planck-Shannon Classifier

John S. Reid?, Beum Jun Park?, and Sungchul Ji3

1Sonic Age, Ltd., St. John’s-in-the-Vale, Cumbria, England; 2Pharm D/MD candidate, Ernest Mario School of
Pharmacy and The Robert Wood Johnson Medical School, Rutgers University, Piscataway, N.J; and 3Department of
Pharmacology and Toxicology, Ernest Mario School of Pharmacy, Rutgers University, Piscataway, N.J.

Keywords: Cymascope instrument, Cymascopic, Faraday Waves, Hydrodynamics, Planck-Shannon Classifier,
Planckian Distribution Equation, Planckian information of the second kind, Shannon entropy, Raman Spectroscopy,
sonified Raman spectral features of cancer cells and healthy cells, tumorectomy.

Submitted: September 30, 2019; Revised: November 6, 2019; Accepted: December 3, 2019;
Published: December 24, 2019; Available Online: December 24, 2019.

10.14294/WATER.2019.6

Abstract

In controlled conditions water can be used
as a means of transforming sonic period-
icities to water wavelet periodicities, a pro-
cess that results in the production of Fara-
day Wave images. The present study uses
a Cymascope instrument to render visible
the sonic periodicities emitted by cancer
cells and healthy cells in human brain tis-
sues, in medical grade water, a step toward
developing a real-time surgical procedure
support in which the margins of cancer-
ous tissue may be clearly identified for the
surgeon during tumor removal. Sound files
generated from sonified Raman spectrosco-
py signals of cancer tissue and healthy tis-
sue are injected into the Cymascope instru-
ment’s fused-quartz, water-filled cuvette.
The resulting imagery is captured by digital
camera and quantitatively analyzed using
a generalized form of the Planck radiation
formula, termed Planckian Distribution
Equation (PDE). PDE has been found to fit
many long-tailed asymmetric histograms
(LAH) reported in fields as diverse as atom-
ic physics, protein folding, single-molecule
enzymology and in many other fields. The
apparent universality of PDE is postulated
to be due to the principle of wave-particle
duality embedded in PDE that applies not

only to quantum mechanics but also to
macrophysics. The new classification meth-
od referred to as the Planck-Shannon Clas-
sifier, which is formulated based on PDE is
shown to successfully distinguish between
the Faraday Wave images from cancer cell
and healthy cell sounds.

Discussion

Neurosurgeons face a significant challenge
in the removal of tumors from brain tissues,
as the margins of cancerous tissue are often
difficult to identify. A device that could sup-
port the surgeon in accurately identifying
the tumor margins would be highly benefi-
cial. In the paper, “Feature driven classifi-
cation of Raman spectra for real-time spec-
tral brain tumor diagnosis using sound” Dr.
M. Baker et al, discussed a real-time meth-
od for differentiating between healthy cells
and cancer cells in human brain tissues.
Sounds, synthesized from Raman spectra
from both types of tissue, would provide
auditory feedback for the surgeon. In lis-
tening tests, participants were able to dis-
criminate between the different classes of
sonified Raman spectra with a mean clas-
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sification accuracy of 71.1%. The authors
point out that such a system would free the
surgeons’ visual attention to remain on the
patient [1]. A surgeon needs to discriminate
between healthy brain tissue and cancerous
tissue with extreme accuracy. According to
the modality-appropriateness hypothesis,
perception gives precedence to the “best”
sensory modality for the task at hand; in
the case of spatial judgments vision has
been shown to be dominant [2]. Therefore,
a feedback system that provides real-time
visual data to the surgeon, via an integrated
head-up visual display, may be advanta-
geous in the process of tumor removal.

This article discusses first steps in creat-
ing a real-time system based on visual data
provided by a digital Cymascope. A Cyma-
scope is a new type of instrument that uses
Faraday Wave technology to render sounds
visible in medical grade water. In such a
system, signals originating from a Raman
spectroscopic probe while scanning brain
tissue would provide audio signals (follow-
ing real-time software processing) to the
digital Cymascope, rendering them visible
as Faraday Wave images. It is proposed
that this visual imagery, displayed to the
surgeon, be supported by the results of the
PDE calculation in the form of a digital val-
ue, which would appear almost instantly in
the head-up display, thus clearly delineat-
ing healthy tissues from cancerous tissue.

It is established that audible sound can be
rendered visible via excitation of particu-
late matter on a diaphragm or membrane to
create an associated pattern. E. F. F. Chlad-
ni [3] is generally credited with the discov-
ery of modal patterns. In 1785 he excited a
sand-strewn brass plate by playing a violin
bow along the edge of the plate, thereby
exciting its resonant modes and creat-
ing patterns now termed Chaldni Figures
[3]. Subsequently, French mathematician,
Marie-Sophie Germain, won a prize offered
by Napoleon, for mathematically modeling
Chladni’s resonant patterns. Later, in 1831,

Michael Faraday, inspired by Chladni’s suc-
cess and by Félix Savart’s experiments with
vibrating thin membranes, worked inten-
sively on the effects of vibration on liquids,
including water. Faraday termed the re-
sulting patterns “crispations” and today the
term “Faraday Waves” is used to describe
the excitation of water (and other liquids)
into modal patterns by sound and vibration
[4]. Typically, the geometry of modal pat-
terns on the surface of liquids enclosed by
a receptacle and driven by a vertically oscil-
lating piston relate partly to the nature of
the sonic input, for example, whether the
vibrations consist of a single frequency or
a complex array of frequencies. The geom-
etry is also typically influenced by electro-
mechanical resonances in the driving mo-
tor, piston and cuvette. The Cymascope
instrument, described in the Materials and
Methods section, employs electronic filter-
ing to negate the effect of unwanted elec-
tro-mechanical resonances and, therefore,
creates Faraday Wave imagery that is rep-
resentative of the sonic input.

In this paper it is shown that the long-tailed
asymmetric histograms (LAHSs) of cancer
cell sounds and healthy cell sounds fit the
PDE discovered at Rutgers University in
2008 [5, 6]. There are many natural and
human phenomena that generate LAHs
[7, 8, 9, 10] and the PDE has been found
to fit almost all LAHs across a wide range
of scientific disciplines, regardless of their
origin, including atomic physics, protein
folding, single-molecule enzyme cataly-
sis [11], cancer cell metabolism [12], fMRI
(functional magnetic resonance imaging),
linguistics, psychophysics, econometrics,
social network analysis [10] and cosmology
(see Figure 8.6 in [6]). Natural and human-
mediated processes that produce the LAHs
fitting PDE have been defined as Planck-
ian processes. It was demonstrated in [5,
pp. 356-357] that the Planckian process
involves various selection mechanisms that
separate subsets of events out of all possible
randomly accessible events. This paper de-
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scribes how the PDE can be utilized to clas-
sify LAHs into functionally distinct groups;
in particular, groups derived from sonified
Raman signals from cancer or healthy cells
in human brain tissues.

PDE was derived from the blackbody ra-
diation equation discovered by M. Planck
(1858-1947) in 1900 [13] by replacing its
universal constants and temperature with
free parameters, A, B, and C, resulting in
Eq.1[5, 6, 7].

A 1

(x+B) et/&+B — 1 (1)

In the above equation, y is frequency, x is
bin number of the histogram, and A, B and
C are free parameters.

One way to account for the apparent uni-
versality of PDE is to postulate that the
principle of wave-particle duality discov-
ered in quantum mechanics is not confined
to micro-physics but applies also to macro-
physics, including living systems (see Fig-
ure 8.6 in [6] and Figure 1 in [7]). Since
PDE is isomorphic with Planck’s blackbody
radiation equation in mathematical form,
it seems reasonable to assume that the first
term, (A/(x + B)> and the second term, (e
x+B 1), of PDE are related, respectively, to
the number and average energy of vibra-
tional modes. This assumption is based on
the fact that the first and second terms of
PDE are also related to the average energy
in the system under consideration because
PDE is mathematically of the same form as
Planck’s blackbody radiation formula.

Materials and Methods

The Cymascope instrument transforms au-
dio input signals to Faraday Wave images
by acoustic excitation of a water-filled, cir-
cular, fused-quartz cuvette, by means of
a voice coil motor (VCM) with vertically
driven piston, direct-coupled to the cuvette

[14]. The Cymascope laboratory experi-
mental set up is shown in Figure 3 and a
block diagram of the signal path is shown
in Figure 4.

Faraday Wave patterns are created in the
cuvette above a critical threshold termed
the point of Faraday Instability [15]. Above
this threshold, acoustic energy reflects from
the boundary and a Faraday Wave pattern
forms, provided the wavelength of the son-
ic driving frequency can be accommodated
within the water area. When sound enters
water the sonic periodicities undergo natu-
ral compression in a ratio determined by
the density of water divided by the density
of air in which the sound originally propa-
gated (discovered by J. S. Reid, Sonic Age
Ltd, 2015):

Pure water at 20°C = 0.9982 g/cm3
Air at sea level at 20°C = 0.001204 g/cm3

Therefore, transformation of airborne peri-
odicities to water wavelet periodicities un-
dergo a compression ratio of approximately
0.9982/0.001204 or 829:1. (Itis interesting
to consider that such automatic compres-
sion may be how the human cochlea is able
to detect long wavelength sounds despite
being only approximately 30mm when un-
coiled.) The automatic compression deter-
mines the diameter of cuvette required to
permit a Faraday Wave pattern to form for
a given input frequency; therefore, the Cy-
mascope utilizes a range of cuvette diame-
ters chosen to accommodate the bandwidth
of sounds under study.

The audio signals in WAV format (gener-
ated from sonified Raman spectroscopic
signals of cancer tissue and healthy tissue,
supplied to us by Dr. R. Stables of Birming-
ham University, UK) were stored on com-
puter 1, as shown in the block diagram, Fig-
ure 4 and uploaded into Audacity software,
with loop mode selected. The loop used
the start point and end point of the signal,
providing a continuously repeating sound
file. Each sound file was treated in this way
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and fed into the audio mixer/preampli-
fier. The line level (775mV) output of the
mixer was fed to the input of the compres-
sor-limiter, to control the dynamics of the
signal, such that coherent Faraday Wave
patterns formed in the Cymascope instru-
ment’s water-filled cuvette. (Without such
audio compression the water can be over-
driven, resulting in corruption of the result-
ing Faraday Wave pattern.) The output of
the compressor-limiter was fed to the input
of a Klark Teknik 30-band graphic equal-
izer with the settings as shown in Table 1
to create a balanced frequency response
for the Cymascope (the frequency charac-
teristic of the Cymascope instrument hav-
ing been identified by means of a Bruel &
Kjaer accelerometer system). The output of
the graphic equalizer was fed to one input
channel of an Inter-M model QD4240 am-
plifier with a frequency response of 20 Hz -
20 kHz, THD: <0.1%, over 20 Hz - 20 kHz;
50 watts RMS per channel. The output of
the Inter-M amplifier was fed to the input
of the Cymascope instrument.

The resulting Faraday Wave imagery was
captured in video mode by means of a
Blackmagic Cinema production camera
and Canon 100mm macro lens set at f 5.6
and 5500K white balance. The frame rate
was set to 24 fps with a shutter speed of
1/30th second. An LED light ring, coaxially
mounted above the water’s surface, illumi-
nated the cuvette.

The camera was set to record 30 seconds of
each sonified Raman spectroscopic signal
in RAW video mode, a total of 720 frames.
A specific series of sequential video frames
were manually selected that represented
the full cycle of each given Raman-derived
looped signal, which varied according to
the length of each sound file. Some sounds
required as many as 20 frames, (each frame
representing 41.66 milliseconds of Faraday
Wave activity) while other signals complet-
ed their cycle in as few as 12 frames.

Each RAW frame was individually entered

into RawDigger proprietary software, to
create a histogram and a .csv file.

The LAHs were fit to the PDE using Solver
software available in Excel as exemplified
in Figure 1 (e) in [9]. Two numbers can
then be computed from the parameters of
the histogram-fitting PDE—the Planckian
information of the second kind, IPS, and
Shannon entropy, H.

There are two ways of quantifying the
Planckian information as shown below:

(i) The ratio of the area under the curve
(AUC) of PDE to that of Gaussian-like sym-
metric curves [7, 9].

(ii) The skewedness of the long-tailed
histogram [9,16].

The “Gaussian-like” curves are generated
by Eq. 2, which is derived from the Gauss-
ian equation by replacing its pre-exponen-
tial factor with free parameter A:

y — Ae_ (x-mw"2/(26"2) (2)

The degree of mismatch between the AUC
of PDE and that of the Gaussian-Like Equa-
tion (GLE), Eq. 2, is postulated to be a mea-
sure of non-randomness (and hence order
and information). GLE is associated with
random processes, since it is symmetric
with respect to the sign reversal of its expo-
nential term, (x - u). This measure of order
is referred to as the Planckian Informa-
tion of the first kind, I, defined quan-
titatively by Eq. 3:

Ipr = log, (AUC(PDE)/AUC(GLE)) bits  (3)

The rising portion of GLE often complete-
ly overlaps with the rising portion of the
right-long tailed PDE. To further clarify,
PDE fits both right and left long tailed his-
tograms. One example of the left long-
tailed histogram is shown in Figure 8.6 (f)
in [6]. Right long-tailed and right-skewed
PDEs are synonymous. Long-tailed, either
left or right histograms, are Long-tailed
Asymmetric Histograms. LAH contrasts
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with long-tailed symmetric histograms.

It has been found that the greater the devia-
tion of PDE from GLE, the greater is the I
value, since GLE represents randomness
and the deviation of PDE from GLE repre-
sents non-randomness, order, or informa-
tion.

The information derived from PDE based
on its skewness is referred to as the Planck-
ian information of the second kind,
Ips, defined by Eq. 4 to be distinguished
from the Planckian information of the first
kind defined by Equation 3.

4)

where 1 and o are the mean and the stan-
dard deviation of the long-tailed histogram
under consideration, and |X| means the
absolute value of X [17, 18]. Taking the
absolute value of (u — mode) is necessary
because it is negative for left-skewed LAHs.

Ipg = - log, (Ju — mode|/c)

BLACKMAGIC CAMERA ——

LIGHT RING ——

IMAGING MODULE ——

The Shannon entropy (H) of the PDE-fit-
ting LAHs was calculated based on Egs. 5
and 6:

(5)

where p; is the probability of observing the
it event or entity calculated as

H = -X p,; log, p;

Pi=Yi/ Vi (6)

where y; is the frequency of the i" event of
entity and the index i runs from 1 to n, the
total number of events or entities.

Thus, the information encoded in a PDE-
fitting long-tailed histogram can be visual-
ized as a point in the Planck-Shannon plot
(see Figure 3).

Results

The cymascopic Faraday Wave images and
data displayed in Table 1 relate to the first
three sonified Raman signals of cancer cells,
and the first three sonified Raman signals

Figure 1. Cymascope instrument experimental laboratory set up
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Computer 1
Running Audacity

Signal source for
music or other
WAV files

- Audio out

/i
£
Signal Generalor
Out

Compressor-Limiter

—

Mixer

Graphic Equaliser

Compufer 2
Running camera

Digital
cccccc

Class A
30 band Audio Amplifier
50 watts RMS max

In Power oul
\ CymaScope

XLR

Out.

Figure 2. Cymascope signal path block diagram.

Cymascope (MF model)

graphic equalizer settings
25 Hertz +12 dB
31.5 Hertz +5dB
40 Hertz +3dB
50 Hertz 0dB
63 Hertz -3dB
80 Hertz -6dB
100 Hertz -6dB
125 Hertz -6dB
160 Hertz -6dB
200 Hertz -6dB
250 Hertz -3dB
315 Hertz -3dB
400 Hertz -3dB
500 Hertz -12 dB
All sliders beyond 500 Hertz setto: | -12dB

Table 4. Cymascope graphic equalizer settings.

of healthy cells. The imagery in Table 2 was
generated cymascopically from the Raman-
derived cancer cell sounds and Raman-de-
rived healthy cell sounds, as discussed in
Material and Methods. A visual compari-
son of the Faraday Wave images in these
two classes reveals that many of the frames
show skewed geometry for Raman-derived

cancer cell sounds and regular geometry for
Raman-derived healthy cell sounds.
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Time
Point

Cancer Cells in Brain Tissues

Healthy Cells in Brain Tissues

1!

2

Image #

les/H

los/H

les/H

6.163
3.313

58

7.328
1.614

6.220
2.937

6.231
3.161

7.322
1.672

71

7.192
1.800

102

7.978
1.321

10

6.100
2.954

7.246
1.737

103

8211
1.211

Table 2. The Planck-
Shannon Classifier-based
analysis of the cymascopic
images of the sonified
Raman signals from
cancer and healthy cells
measured by Stables et

al. [1]. Ipg (Planckian
information of the second
kind; red numbers) and

H (Shannon entropy;

blue numbers) were
calculated via Egs. 4 and 5
described in Materials and
Methods. Each cymascopic
image represents a

41.66 milliseconds time
frame, captured by the
Blackmagic Cinema
camera. Ten images of
each cell sample were
taken at 10 different time

points.
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Planck-Shannon plot, Cancer Cell 1, 10

images analyzed

Planck-Shannon plot, Healthy Cell 1, 13

images analyzed

v®-0.7366x+8.3379.

.8781

Planck-Shannon plot, Cancer Cell 2, 10

images analyzed

Planck-Shannon plot, Healthy Cell 2, 10

images

Planck-Shannon plot, Cancer cell 3, 10

images, analyzed

Planck-Shannon plot, Healthy Cell 3, 10 images
alyzed

L%

o.iimﬁ‘igszsz °

= 1.4231x+9.822)
R?40.9761

R‘:OSHT

Figure 3. In this table
the data set out in
Table 1 is plotted as a
Planck-Shannon plot,
providing a classifier-
based analysis of the
Faraday Wave images
of the sonified Raman
signals from cancer and
healthy cells in human
brain tissues. H and
I,g were calculated as
described in Materials
and Methods
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Optical Fiber Probe
on Living Tissues

‘igle Cells

Many Cells

(e.g., brain, liver)

Human Blood

8
\ 14 3 15
1 . .
FFPP Tissue Samples 5| Raman Spectra mRNA Digital '
Levels Cymascopic
Images
2 90
20 19
Feature Extraction ‘ Long-tailed Histogram }1—
16
3 ! 10 7]
.. [oe ]
Audio File
11
4
Planck-Shannon
Subjective Classification (HI) Classifier (AT)
5
12 17
Sound
13
ls ‘
Cell Biologist
Surgeon’s Ear (Drug Discovery/ Hematologist
during Tumorectomy Personalized Medicine,
fMRI Neuroscience)

Figure 4. Potential
applications of the
Planckian-Shannon
classifier in tumorectomy,
cell biology, and
hematology.
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Step Description Step Description
1 Raman microscopy on Formalin 11 Computing the Planckian information
Fixed Paraffin Prepared (FFPP) of the second kind, Is, and the
tissue samples [1] Shannon entropy, H, from the
; ; parameter values of PDE and plotting
2 Extraction/selection of the Raman them in the Planck-Shannon plane
spectral bands most characteristic
of each cell type, healthy or 12 The result of the Planck-Shannon
cancerous classifier-based discrimination is
transduced to the synonymous
3  Transforming a small number (~5) sound for the auditory perception
of the discriminatory sub-band fea- by a surgeon during tumorectomy
tures of the Raman spectral signals -
measured from FFPP tissues to 13 The visual output from the Planck-
auditory signals through controlling 'Shann'on (.:la551ﬁer 18 US?d by biomed-
the parameters of a FM synthesizer ical Sl(fler(liUStSdfOF drug ‘(111%(\1/(I)§W’ Pell“'
sonalized medicine, an signa
4 Human participants were asked interpretation
to discriminate between three sample
groups based on the timbre of each 14 Measurgment of Raman spectra
sample: the metastatic group, the from a single cell using a confocal
glioblastomagroup, and the normal Raman spectrometer [19]
group 15  Digital cymascopic images measured
- s messoll @t s caliylene from human blood .(unpubhshed
. .. results of the experiment performed
classification is transduced to the . . .
Symonymons sonndlfor the auditory in collaboration with John Stuart
. . Reid, for the first time in April 2018
perception by surgeons during . .
in Cumbria, England)
tumorectomy
, . 16 Digital cymascopic images being
2 Inpu:[( i[lo s%rgegn > gudltorl}(/'system to converted into histograms using the
assist his/her decision making histogram software in Excel
7 The audio file encoding th? extr?lcted 17 The result of the Planck-Shannon
features of Raman bands is fed into classification of the human blood
the digital Cymascope for the Plapck— cymascopic images may be used by
Shannon classifier-based processing hematologist for diagnosing human
8 Optical fiber-mediated illumination diseases (a postulate)
with laser and collection of the 18  Microarray measurement of the
back-scattered light, which is mRNA levels from living tissues [12]
subsequently inputted into a Raman
spectrometer 19 ’lrransfoi‘rréation of mRNﬁA data into
ong-tailed asymmetric histograms
9 Converting digital spectral data using the histogram software in Excel
displayed as a table (wavenumbers - - - - -
vs. amplitudes) into a histogram 20  Biophysical and phys1olog1ca'1 signals
using Excel software (e.g., fTMRI) measurec.l from tissues,
organs, and whole animals trans-
10  Fitting long-tailed asymmetric formed into long-tailed asymmetric

histograms to PDE, y = (A/(x + B)3)/
(e“/&+B® — 1), using Solver in Excel

histograms using the histogram
software in Excel [6, Figure 8.6 (1)]

Table 3. Explanations of the steps in Figure 4.
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Conclusions

Between 2017-2018 a novel experimen-
tal tool was developed that combines the
digital Cymascope and the Planck-Shan-
non classifier (PSC) to produce what may

be referred to as “PSC-based cymascopy,”

“PSC cymascopy,” or just PSCC. In this pa-
per, we have demonstrated that PSCC can
distinguish between the audio files gener-
ated from cancer and healthy cells in hu-
man brain tissues that may contribute to
eventually developing an Al-based surgical
procedure for removing tumors from hu-
man brains. In this procedure, the surgeon
would wear spectacles with head-up inte-
gral display, driven by a species of digital
Cymascope, thus revealing a tumor’s mar-
gins.

Encouraged by our preliminary results, we
have been led to postulate that PSCC can
be applied to investigating other complex
physical phenomena and biomedical sys-
tems, both normal and diseased, including
fMRI [6, p. 344], hematology, single-cell
metabolism [6, p. 343], single-molecule en-

zymology [6, p. 344].
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