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Abstract—Biophoton emission in humans remains intriguing in terms
of the temporal and spatial patterns that indicate influences from envi-
ronmental, physiological, and pathological factors, and even intentional
faculty. We propose an analytical hypothesis for interpreting a few pat-
terns of somatic steady-state biophoton emission from humans, includ-
ing dependency on age, diurnal variation, and geometric asymmetry as-
sociated with serious asymmetrical pathological conditions. The analyses
are based on associating a hypothetical collective state of autonomic
neuro-energy, presented in a form of “vivodensity,” with photo-genesis
of biophoton emission. The vivodensity refers to the maximal coherence
among the energy “modes” of neuronal control that one can engage in at
a given time of life. This vivodensity is treated to modulate metabolic ac-
tivities responsible for photo-genesis manifested as biophoton emission.
The hypothesis projects a decrease of the vivodensity in humans during
growth beyond puberty. The hypothesis also proposes a modification of
the vivodensity by systemic or homeostatic physiology. The hypothesis
further postulates that the deviation of the physiology-modified vivoden-
sity from the prepuberty level is a deterioration due to organ-specific
pathological conditions. A temporal differential change of vivodensity is
hypothesized to proportionally modulate oxidative stress that functions
as the physical source of biophoton emission. The resulting steady-state
diffusion of the photon emitted from a photo-genic source in human
geometry simplified as a large homogeneous spherical domain is mod-
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eled by photon diffusion principles incorporating an extrapolated zero-
boundary condition. Age and systemic physiology combined determine
the intensity of the center-located physiological steady-state photo-genic
source. An acquired pathology sets both the intensity and the off-center
position of the pathological steady-state photo-genic source. When the
age-commemorated, physiology-commanded, and pathology-controlled
modifications of the steady-state photo-genic sources are implemented
in the photon diffusion model, the photon fluence rate at the surface of
the human-representing spherical domain reveals the patterns of age,
the temporal variation corresponding to systemic physiology, and the
geometric asymmetry associated with significant asymmetric pathologi-
cal conditions as reported during spontaneous biophoton emission. The
approach, which has the convenience of quantitative estimation of bio-
photon emission patterns with the potential to incorporate autonomic
neuromodulation, may offer novel insights into biophoton phenomena
wherein human faculty constitutes an experimental condition.

Keywords: biophoton emission; age; temporal variation; asymmetry;

analytical model; photon diffusion; steady state

INTRODUCTION

Biophoton emission (Cifra & Pospisil, 2014) has been investigated
over several decades under a variety of terms including the following:
weak luminescence (Quickenden & Que Hee, 1974), low-level chemi-
luminescence (Cadenas et al., 1980), spontaneous chemi-luminescence
(Boveris et al., 1984), biophoton(s) emission (Cohen & Popp, 1997;
Devaraj et al., 1997), ultra-weak bioluminescence (Wang & Yu, 2009),
auto-luminescence (Havaux et al., 2006), spontaneous ultra-weak light
emission (Moraes et al., 2012), etc. The spectrum of biophoton emission
is interestingly very broad, spanning the visible band, and extending in
both directions to ultraviolet and near-infrared bands (Boveris et al.,
1980; Cadenas et al., 1980; Cadenas, 1984; Gallas & Eisner, 1987; Devaraj
et al., 1997; Kayatz et al., 2001; Fedorova et al., 2007; Kalaji et al., 2012;
Kobayashi et al., 2016; Wang et al., 2016; Zhao et al., 2017).

Several theories have been postulated about the origin of
biophotons. Perhaps the most widely regarded is that the broad-
band biophoton radiation can be attributed to the transition of
excited biological molecules, primarily reactive oxygen species (ROS)
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(Kobayashi et al., 2014). ROS are generated at a fixed rate by oxidation
reduction reactions during cellular respiration, but they are toxic to
living cells. When in homeostasis, the cellular organism employs a
variety of scavenging mechanisms to maintain a relatively consistent
concentration of ROS at very low levels (Kobayashi et al., 2014). The
luminescence intensity of the baseline spontaneous biophoton
emission of a living organism including humans is thus extremely low,
on the order of hundreds of photons per square centimeter per second
(Cohen & Popp, 1997; Zhang et al., 1997) when measured on the surface,
whereas the intra-organism intensity has been speculated to possibly
be substantially higher (Bokkon et al., 2010). For a photon at the visible
wavelength of 500 nm, a photon count rate of 100 photons per second
per square centimeter corresponds to an irradiance of 3.98 x 107 W -
cm= or ~0.04 fW - cm™. This irradiance is comparable to the photon
fluence rate measured at 10 cm from a localized source of 1pyW - cm™
in an unbounded homogeneous tissue medium having an absorption
coefficient of 0.106 cm™ and a reduced scattering coefficient of 10 cm™
that are representative of soft tissue. The extremely small intensity
makes spontaneous biophoton emission challenging to detect without
highly sensitive photon-detecting devices carefully configured in a
completely darkened environment.

In spite of the challenges in biophoton detection due to the
ultraweak intensity, significant efforts and progress have been made
in mapping biophotons from various regions of the human body (Ives
et al., 2014). Many of these results indicated the potential of mapping
biophotons for assessing holistic health, based upon some systemic
patterns that biophotons from humans manifest. The variations of
spontaneous biophoton emission intensity from humans in association
with normal physiological phases or environmental influences have
been reported on different temporal scales. Diurnal rhythms of
spontaneous biophoton emission of humans have been linked to
the systemic changes in energy metabolism inherent to a circadian
cycle (Kobayashi et al., 2009). Frequency analysis of the spontaneous
biophoton emission intensity revealed temporal characteristics with
slow-periodicity components longer than 24 hours ranging from 7
days to 270 days (Cohen & Popp, 1997; Cohen & Popp, 2003). Seasonal
variation of spontaneous biophoton emission intensity (Zheng et al.,
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1983; Cohen & Popp, 2003; Jung et al., 2005) revealed as high as 4-fold
changes over year-long measurements, with the lowest intensity in the
autumn and the highest intensity appearing 6 months from autumn.
Spontaneous biophoton emission has also manifested gender and
age-related variations (Yang et al., 1995; Yang et al., 1996; Sauermann
et al,, 1999; He et al., 2016; Zhao et al., 2016). Biophoton emission
intensity was observed to be higher among males than among females,
and higher in adults than in children. The aged male adult had ~40%
higher biophoton emission intensity than the aged female adult (He
et al.,, 2016). The biophoton emissions of both males and females
starts to increase by the age of 11-14 and stabilizes at about age 50
(He et al., 2016). These findings indicate that measuring biophoton
emission can potentially provide insight into the homeostatic state or
systemic stage, as well as the harmonic correlation between the human
body and the environment that is regarded as fundamental in some
alternative medical and healing practices (Sun et al., 2017). Deviations
from spontaneous biophoton emission intensity from these healthy
temporal rhythms thus may render information on the deviation of the
systemic or homeostatic physiological states from normal levels.

The temporal variations of the human spontaneous biophoton
emission intensity of normal physiological states also implies that a
human state departing significantly from healthy conditions due to
acquired pathology may manifest in variations of biophoton emission
intensity that could be much stronger and potentially much more
varied than those from a systemic cause. An acquired pathology that
is not systemic but is organ- or tissue-confined could also cause the
spontaneous biophoton emission pattern to be altered from a healthy
balanced or symmetric configuration. An alteration of the biophoton
emission by acquired organ- or site-specific pathology is likely to break
the symmetry of the spontaneous biophoton emission expected for
a balanced faculty. For example, a multiple sclerosis case was found
to give ~200 biophoton counts/second in the right hand and ~300
biophoton counts/second in the left hand (Cohen & Popp, 1997). For
hemiparesis patients, the hand with a hemiparesis aspect emitted fewer
biophotons in comparison with the contra-lateral normal hand (Jung et
al., 2003), and acupuncture treatment dramatically reduced the left—
right asymmetry of biophoton emissions. The left-right asymmetry of
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spontaneous biophoton emission in a mouse model of human breast
cancer(Zhao et al., 2017) became more pronounced as the tumor load in
the right axillary increased versus the contra-lateral normal side. These
reports appear to suggest that the left-right asymmetry of spontaneous
biophoton emission correlates with left-right pathological differences.

Additionally, a particularly intriguing presentation of biophotons
in association with humans cannot be missed: The biophoton intensity
seems to be modulated by intention or human interaction during
healing or other various kinds of bioenergy practices (Nakamura et al.,
2000; Haraguchi et al., 2001; Joines et al., 2012; Rubik & Jabs, 2017).
Links have also been suggested between biophotons and observations
that are difficult to measure and quantify, including consciousness
(Rahnama et al., 2011), mind—matter manipulation (Caswell et al., 2014;
Pederzoli et al., 2017), and paranormal phenomena at the moment of
death (Persinger & St-Pierre, 2011; Reddy, 2016). One could argue that
an experimental control that appears common to all these phenomena
is the involvement of human factors, which at the physical level will
reside in the engagement of neuronal activities, no matter whether
autonomic or intentional. The variation in surface biophoton emission
has been known to correlate with changes in metabolism. When living
organisms become stressed (Slawinski et al., 1992; Musumeci et al.,
1997), the ROS varies to subsequently change biophoton emission
(Tsuchida et al., 2019). Induced changes in photon emissions offer
physiologically relevant explanations for some human experiences
that are often inexplicable even though not uncommon, including the
entopic phenomena of phosphene and negative afterimage (Bokkon et
al.,2011; Wang et al., 2011; Salari et al., 2017). Studies have also suggested
that ROS may be signaling agents, rather than simply potential toxic
agents (Rice et al., 2002). Whether ROS are signaling or toxic agents,
the variation of the rate of the production of ROS in humans will be
regulated ultimately by autonomic neuromodulation, which will likely
differ at different stages of life and also be perturbed or affected by
environmental factors and acquired conditions. Variations in biophoton
emissions due to variations of ROS then shall be expected to follow
the temporal paces as well as spatial patterns of the neuromodulating
perturbation causing autonomic adaptation of ROS production, with a
potential delay in the phase of change as is conceptualized in Figure 1.
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Figure 1. Conceptual illustration of the surface measurement of a biophoton from
a human, representing a large intelligent organism. What is acquired by
the photon-counting or imaging devices is the photons emitting from the
surface of the organism. The origin of the surface-emitted biophotons may
be at any location within human tissue, wherein a localized photo-genic
entity engaging ROS may occur.

In this work, we propose an analytical framework of hypotheses
with the objective to provide simple interpretations of a few somatic
temporal and spatial patterns of spontaneous biophoton emission
in humans, including the systemic dependency on age, the diurnal
variation, and the geometric asymmetry associated with serious
asymmetrical pathological conditions. The analysis speculates that
there is a collective state of autonomic neuro-energy expressed in
a form of “vivodensity,” which in essence is the maximal coherence
among the energy “modes” of neuronal control that an intelligent
being represented by humans is able to engage in at any given time
of life. This vivodensity could also be considered as being proportional
to a chemical potential of the metabolic aspect (Piao, 2020b) which
regulates how a systemic perturbation to metabolism is transferred to
a local photo-genesis process to cause observable temporal changes
in biophoton emission. This vivodensity thus is treated to modulate
metabolic activities responsible for photo-genesis pertinent to
biophotons. The hypothesis projects a decrease in the vivodensity
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in humans during growth beyond puberty, with the rate of decrease
dictated by a time constant set by the date of sexual maturity. The
hypothesis also proposes a modification of the vivodensity by the
phases of systemic or homeostatic physiology. The hypothesis further
postulates that the deviation of the physiology-modified vivodensity
from the pre-puberty level is deteriorated by acquired organ-specific
pathological conditions. The temporal differential change of vivodensity
is projected to be photo-genic, by proportionally modulating oxidative
stress that functions as the physical source of biophoton emission.
The age and systemic physiology combined determines the intensity
of the physiological photo-genic source that is simplified as being
centrally located within the body for analytical simplicity. An acquired
pathology sets both the intensity and generally an off-center position
of the pathological photo-genic source. The light emission from a
photo-genic source, wherever it is within the tissue, then must diffuse
through the human body in the process of propagating to the surface
before being detected. The human tissue involved in biophoton
propagation is treated as a homogeneous translucent spherical domain
for analytical convenience. The diffusive photon propagation in tissue
is modeled according to photon diffusion principles that account
for scattering and absorption of bulk tissue and incorporates an
extrapolated zero-boundary condition. When the age-commemorated,
physiology-commanded, and pathology-controlled modifications of
the photo-genic sources are implemented in the steady-state photon
diffusion model, the steady-state photon-fluence rate at the surface
of the human-simplifying spherical domain can reveal the patterns of
intensity dependence upon age, variations corresponding to systemic
physiology, and geometric asymmetry associated with significant
asymmetric pathological conditions as reported in experimental
spontaneous biophoton emission studies.

A HYPOTHESIS ON NEURO-MODULATED PHOTO-GENIC
SOURCING OF BIOPHOTON EMISSION
The scope of this work is to offer alternative insights on some

temporal and spatial patterns of biophoton emission in humans,
which indubitably represents the highest level of intelligence among
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organisms. We consider intelligence to be uniquely and ubiquitously
associated with neuronal activity that ceases when the organism loses
metabolic ability to excite or inhibit a neuronal firing. We represent
the condition of a neuron with respect to its normal activated state (in
either full excitatory or full inhibitory phase [Wilson & Cowan, 1972]) by
a phasor term of

n (4 t) = A - expljp()] (1)

where @ = [0, N¢orar] of which Negeq;is the total number of originally
intact neurons. Denoting  Nj,e(t) as the number of viable
neurons at a given time, we would have  Nijp,e(t) < N¢otq; duetoneuro-
degeneration. Apparently, the proportion of the viable neurons
with respect to the total number of originally intact neurons must
be bounded in [0,1]. We choose a simple function to represent this
dimensionless neuronal viability as the following

Nlive(t)
nmab( ) ZNtotal - Nlive(t)

The condition 7,45 =1 would indicate that all native neurons are
intact, and 7,4, =0 would mark the complete death of the entire set
of neurons. Note that Eq. (2) is not the exclusive form of nyigp in
representing the proportion of viable neurons over the course of life.
We further introduce a degree of coherence (dimensionless) to mark
how well the neuronal activities are coordinated at a given time, as the
following:

-

X

Eoone(it) = 1_[ (ni(F = 21,t) ny(F — %, t + 7)) o

e, VM @, 0) 1 Gy, )] - [5G, ©) (R, )]

where the (...} of the numerator indicates temporal averaging. The X in
the argument does not change the value of the time-averaging but will
remain for a future need to address neuronal activities for regulating
a specific metabolism. This &cone(¥,t) also has a value of [o,1]. The
condition of cone = 0 indicates spontaneous neuronal activities that
are completely random, while £_,,, .= 1 marks the condition impossible



Temporal and Spatial Patterns of Biophoton Emission in Humans 353

to reach with the activation of the entire set of neurons being exactly
in-phase. We then hypothesize that the live state of a human can be
treated as being associated with a collective state of autonomic neuro-
control in a scale of “vivodensity,” which has a spatially and temporally
resolved scalar value of Ey;,0 (¥, t) (unit:J - cm=3) at a spatial position
X and a time t. The scalar “vivodensity” Ey,o (%, t)takes the following
form:

Evivo ()_(); t) = Nyian(t) X Econe ()?: t) X Proge ()?: t) (4)

which includes a total mode-density Pp,oq¢ (Y, t) (unit:J - cm™3)

represented by the following

Pinode O?r t) = J.:P(i, t,v)dv (5)

where P(¥,t,v) is a mode-distribution function at a frequency v
of neuron firing. The vivodensity Eyiyo(X,t) essentially defines the
maximal coherence among the energy “modes” of neuronal control that
an organism of intelligence is entitled to engage in. It can be expected
that the ability of autonomic neuro-control degrades as an intelligent
being ages, and the value represented by Eq. (4) shall decrease over age
and recede to zero at the cease of the life. According to the declining
survival rate of the human being as a function of age that becomes
pronounced at older ages (Sarna et al., 1993), we regard the natural
course from birth to death of human life to experience three systemic
changes that may occur synchronously: (1) the initial healthy increase
and later matured stabilization of the body volume-contents, (2) the
temporal variation of the biological phases by endocrine and exocrine
controls, and (3) the deterioration of the body functions due to acquired
pathological conditions. We will then represent the course of change of

IEvivo ()_(); t) as

IEvivo ()_(): t) = Zprim ()?: t) Hsyst ()_(): t)[l - Upath ()_(): t) ' Nauto ()_(): t)]; (6)

where Zprim (X, t) (unit:/-cm™3) denotes the “primo” state of
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“vivodensity” inherited from birth, Hsys¢(¥,t) (unit: dimensionless)
represents the phase of the systemic or homeostatic physiology that
is endogenous to a healthy subject, Upgen (X, t) (unit: dimensionless)
accounts for the effect of an acquired pathology that is exogenous to
an otherwise healthy subject,and  Ngyeo (X, t) (unit: dimensionless)
marks the terminal autonomic control of the site pertinent to the
acquired pathology. The basic declining behaviors of Eyyo(X,t)
from the “primo” level at birth due to aging and systemic physiology
and acquired pathology are conceptualized in Figure 2. Panel (A) marks
the initial level of “vivodensity” set at birth. Panel (B) specifies the
decrease of “vivodensity” as a result of growth and aging. Panel (C)
represents the deviation of “vivodensity” from the age-related level
due to modulation by systemic physiology. Panel (D) manifests the
degradation of “vivodensity” from the healthy level for a particular age
caused by acquired pathology.

Additionally, there are the needs of several absolute time-points
or characteristic ages of the course of natural human life that are
symbolized as the following: tpi¢p is the time of birth, tgeqcn is the
time of death,tyyper is the time of puberty, so Tiire = taeatn — thiren
is the life span and Tpuper = tpuber — thiren is the age when puberty
starts. At one’s birth, the following initial conditions of the entities
shall be relevant:  Zppim (X, tpiren) = Zo, Hgyse(X, toiren) =1, and

Upatn (0 toiren) = 0 and Ngyeo (B tyiren) = 1. The values of these
parameters over the lifespan of the person for t € (tyirtn »taeatn]
is further constrained respectively as the following:

Zprim()a t) € [0, Z0]; Hsyst()?v t) € (0'1]: Upath()_()v t) € [0'1]
and Ny (7, t) € [0,1].

A pathological condition that is terminal or lethal is represented by
Upatn (Y, t) = 1. Anormal autonomic control of a site in a pathological
condition is marked by Ngyuo(X,t) = 1. The complete loss of the
autonomic control at the site of a pathological condition is demarcated
by Nauto ()Z: t) = 0.

For the normal course of a human life, it is reasonable to assume
that a life-shortening pathology is acquired after puberty, and the
“primo” state of the vivodensity Zprim (X, t) from birth to puberty
would be sustained at the initial level of Z, set at birth with the
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Figure 2. (A) The “vivodensity” bestowed on a person at birth. (B) The decrease of
the vivodensity of a healthy person due to aging. (C) The modulation of the
vivodensity of a healthy person by systemic physiology. (D) The degradation
of the vivodensity of a person from the healthy level by acquired pathology.

only modification incurred due to systemic or homeostatic physiology
Hsyse (X, t) . This results in a level-set representation of the vivodensity
as the following, with the use of the Heaviside or unit step functionu(t):

(7)
Evivo()_()' t) = Z0 [u(t - tbirth) - u(t - tpuber)]Hsyst ()?, t)
+Zadol ()_()' t) [u(t - tpuber) - u(t - tdeath)]]HIsyst ()_()' t) [1 - Upath ()Z t)Nauta ()_(): t)]
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where Zgqo1(X, t) specifies the “primo” state of the vivodensity
counted from Tpuver as the person enters “adolescence,” which
decreases from the “primo” level as the following:

Zadol()?: t) = ZO{l _g ()_()' t)} (8)

where I (¥,t) < 1 is a non-negative value corresponding to the
amount of degradation of Z,4,;(¥,t) when compared to Z, .
We define the temporal differential deviation of vivodensity from the
systemic physiology modified birth state of Z, over the lifetime
as the following:

0 5
a [ vwo(X t) at [ZO syst(X t) vwo()(v t)] (9)

By using Eq. (7), it is straightforward to obtain the following:

% [AZvivo ()?. t)] = <% {[ZO - Zadol ()Z' t)]Hsyst ()_(): t)}) [u (t - tpuber) - u(t - tdeath)]

a - - > -
+ <§ {Zadol()(: t)Hsyst(X' t)Upath(X' Nauto (X, t)}) [u(t - tpuber) —u(t— tdeath)]

(10)
Two entities of differential properties are introduced as shown,
respectively, in the following:

% [Azadol()_(): t)]=Zo ;_t [g ()_(): t) ' Hsyst()_(): t)] (11)

3t [A[Upath()( t)] = Lo ot [g .t Hsyst(x t)Upath(X t)Nauto(éf t))]
12

Equation (9) then becomes
0 0
at [ vwo(X t)] { [Azadol(x t)] (13)

+ %[A[Upath ()?, t)]} [u(t - tpuber) - u(t - tdeath)]

where the first “differential” component associated with Zgg0;(¥,t)
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asspecified by Eq.(11) denotes the temporal deviation of the “vivodensity”
from the “primo” state as a result of normal biological development,
and the second “differential” component associated with AUpqep

as specified by Eq. (12) represents the further temporal deviation of the
“vivodensity” from the normal level for a particular age due to acquired
pathology.

Eq. (13) by referring to Egs. (11) and (12) will infer the age-depen-
dency of the temporal differentiation of Zyyo by setting Hye (¥, t)
= 1 and Upgen (X, t) = 0, the effect of systemic physiology over a time
period by setting Upgen (X, t) = 0, and the outcome of acquired path-
ology at a given time point by setting Hgys: (F,t) = 1.

We further hypothesize the vivodensity to be proportional to a
chemical potential of the metabolic aspect (Piao, 2020b) which may
regulate how a systemic perturbation to metabolism is transferred to
a local photo-genesis process to cause observable temporal changes
in biophoton emission, through the oxidative bio-chemical pathways
that produce free radicals with ROS (Slawinski et al., 1992; Burgos
et al., 2016). And this chain reaction can be treated as the changing
rate of “vivodensity” that modulates oxidative stress. Integrating the
spatially resolved temporal differentiation of the “vivodensity” changes
represented by Egs. (11) and (12) over the body-scaled volume gives rise
to two spectrally and temporally resolved photo-genic intensity terms
to be assigned as the sources of photo-genesis:

a
Sovsi 00 = 2535t ) [[[ e 10TaanE 01T ()

- 4 > >3
Span 0 = Bpan @0 ||| B0 r0)ar

where Qsyst (4, t)(unit: cm) is the spectrally and temporally resolved
physiological-photogenic volumetric transfer-factor, and 8,40 (4, t)
(unit: cm3) is the spectrally and temporally resolved pathological-
photogenic volumetric transfer-factor. For simplicity, we treat the
human body as a volume of spherical domain of radius Ry, as shown
in Figure 3. The physiological photo-genic source Sg)s (unit:
W - cm?3) is set at the center of the spherical domain, whereas the
pathological photo-genic source Spgen (unit: W cm3) that may be
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weighted for a single, serious, organ-specific pathology could be posi-
tioned atanydistance Rpq¢n to the center. The spherical coordinates of
the pathological photo-genic source Syq:, aresetas (Rpqen, 6',9"),

or for convenience of visualization at the 3 o'clock position with
respect to the center of the spherical body. The spectral and temporal
dependences of the photo-genic sources Sgyst and Spqen are
not considered in this work, i.e.,

Qsyst (A, t) = Qsyst = constant, Opqen(A,t) = Opaen = constant,

thus Ssyse and Spgen are steady-state sources that will facilitate
analysis of the simplest steady-state photon propagation in body
volume.

—

Physical boundary

Figure 3. The human body is simplified as a geometric sphere with a radius R,.
The physiological photo-genic source Sy is set at the center of
the spherical domain, or with the spherical coordinates of (o0,0,0).
The pathological photo-genic source Syqtn is at (Rg, 6, ) which is
positioned at the 3 o’clock position with respect to the spherical center, at
(Rpatn 0,0) . The distance of any position on or off the spherical surface to

the pathological source Spq¢p is denoted as .
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NUMERICAL EVALUATION OF STEADY-STATE SURFACE
PATTERNS OF BIOPHOTON EMISSION

We show in the Appendix how the steady-state diffusion of light
with spectral relevancy to spontaneous biophoton emission (i.e., in the
VIS/NIR band of the biological window for which the photon diffusion
analysis is conventional) is treated with the necessary approximation to
facilitate numerical evaluation of the problem in a spherical human-
size tissue geometry with the pertinent boundary condition. In this
section, we use the photo-genic terms of Egs. (14) and (15) to illustrate
the general bulk surface pattern, which manifests an aura-like hue, of
steady-state biophoton emission.

Eq. (A13) (Appendix) can be implemented numerically to assess the
patterns of steady-state photon-fluence rate presenting at or beyond
the air-interfacing boundary of the human-representing spherical
homogeneous tissue domain, in association with the physiological
photo-genic source Sgys: alone or with the addition of the path-
ological photo-genic source S,q¢n. The distribution of the steady-
state photon-fluence rate across the surface of the human-representing
spherical domain and expanding to the extrapolated zero-boundary
is exemplified in Figure 4. The tissue medium used for all numerical
evaluations in this section is specified with the following dimensional
and optical properties: a radius of Ry = 10 cm , an absorption coef-
ficient of pg = 0.1 cm™, a reduced scattering coefficient of ug = 10
cm?, and a refractive index of n = 1.4. The tissue optical properties
result in a distance of R, = 0.11 cm of the extrapolated zero-
boundary from the tissue boundary, which is only 1.1% of the radius
of the spherical domain. When the tissue medium represented by
the spherical domain contains only the centered physiological photo-
genic source Sgys: , the photon-fluence rate on the entire spherical
boundary has to be circumferentially uniform, and the photon-fluence
rate will decrease from the tissue boundary to become zero at the
extrapolated zero-boundary. The degradation of the steady-state
photon-fluence rate from the tissue boundary to the extrapolated zero-
boundary over an entire azimuthal or elevational circle will appear as
a thin circular strip (i.e., aura-like hue) of 0.11 cm thick around the
spherical tissue domain. To better visualize this thin circular strip of the
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steady-state photon-fluence rate around the spherical tissue domain in
Figure 4, the evaluation of Eq. (A13) over the space beyond the tissue
boundary is conducted over a radial distance of 10 times of R,

i.e., a 1.1-cm distance from the tissue boundary as the strip of lower
color value outside the dashed circle demarcating the spherical tissue
boundary. In obtaining Figure 4, the following additional parameters
are necessary: Sgys, = 0.01pW -cm=3a n d S,qe, = 0. The circumferen-
tially uniform photon-fluence rate across the spherical tissue domain
represents the 2-dimentional projection of the photon-fluence rate
measured on the surface of the spherical tissue domain, as is the case
for measurement/imaging using a planar, pixelated photon-detection
device. The steady-state photon-fluence rate projected on the surface of
a spherical tissue domain of the associated optical properties with a 10-
cm radius and an extremely weak source of 0.01uW - cm™3 at the
center is at the level of 1 x 107*”W - cm™2 (corresponding to 25

Photon fluence rate (W- cm™?)
1071

______
- ..

- 10~l.'\
Parameter settings

S5y5e=0.01pW/cm?

_10—16
S;.ar'x:o
=103
Ry = 10cm
H,=0.1cm?
i ]0—1“
;=10 em!
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Figure 4. Example of the distribution of the photon-fluence rate across the surface
of the human-representing spherical domain and expanding to the
extrapolated boundary. The degradation of the photon-fluence rate from
the tissue boundary to the extrapolated boundary over an entire azimuthal
or elevational circle is illustrated as a thin circular strip around the
spherical tissue domain.
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counts of 500 nm photons per second per cm?), and drops to zero at
the extrapolated zero-boundary that in actual scale is just about 0.11
cm or 1.1 mm away from the tissue boundary of the specified optical
properties. A smaller difference of the refractive index between tissue
and air could push the extrapolated zero-boundary away from the tissue
to make the hue-like margin broader.

ASSIMILATION OF SOMATIC TEMPORAL AND SPATIAL
PATTERNS OF BIOPHOTON EMISSION

In the following sections, we demonstrate how the temporal and
spatial patterns of biophoton emission measured on the surface of the
spherical domain can be modulated by modulating the photo-genesis
to reveal some global or somatic patterns that have been shown to be
associated with the activities of intelligent beings including human and
rodent models of human disease.

The numerical implementations of Eq. (A13) are configured in
three different cases of the photo-genic sources that all change at rates
that are extremely slow compared with the time of photon propagation
in tissue. This will result in the temporal pace of the surface photon
emission to be dictated by the temporal pattern of photo-genesis that
may be further modified by the spatial configuration of photo-genesis
with respect to the surface measurement (Piao, 2020a). The following
analyses will reveal, respectively, the most apparent superficial temporal
and spatial patterns of age-dependency, physiological variation, and
pathological asymmetry of the steady-state photon-fluence rate at the
surface of the sphericaldomain. Itis noted thatthe macroscopictemporal
variation is assessed via relative changes of the steady-state photon-
fluence rate evaluated at the same spatial location over a macroscopic
timescale that is many orders greater than the time of light propagation
in the tissue domain. Therefore, when the steady-state photon-fluence
rate is to be evaluated at one position to assess the temporal changes
at any macroscopic duration, the position of the field point is set at
the spherical tissue boundary and at the 3 o'clock position, and the
resulting steady-state photon-fluence rate is normalized by comparing
with data from the literature of spontaneous steady-state biophoton
emission that are reproduced with the copyrighters’ permissions.
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Presentation of Age Dependency

In order to simulate age dependency, it is necessary to specify
the timescale characteristics of physiological photo-genesis. We define
Trossi as the age of a person’s first opposite-sex sexual intercourse
(FOSSI). A person who commits heterosexual activities at
least once in their life will have tpiren < tpuper < (tbmh + Tfossi) < tdeath-
A person who remains a virgin will have Trossi = (taeath = thirtn) = Tiife
We define the systemic photo-genesis of biophoton emission as a
result of aging to take the following form

a
t
Ssystf(/l; t) = [1 — exp <_ >] (16)
Tage
where the time constant Tgge takes aslowly reducing form represented
by the following

_ (t—tpuber)*H(t—tpuber)

. 1
Tfossi ]+ TfOSSL ( 7)

Tage=(Tlife - Tfossi)exp [

where a is a positive number or an aging factor. The age dependency
and gender difference of the photon-fluence rate at the boundary of
the spherical tissue domain is simulated by removing Spath and  set-
ting the following parameters: the puberty age tpuver of males is 13,

the puberty age tpuver of females is 11, the FOSSI age Tfossi of

both males and females is age 20, the aging factor is specified as a =
2, and a lifespan is 75 years. The male tissue density is assumed to be
greater than the female at the same age, leading to stronger intensity
of the physiological photo-genic source Ssyst for males at otherwise
identical settings of the parameters. Alternatively, stronger adipose fat
content in females could cause a higher scattering attenuation of the
photon propagation to result in less photon emission at the surface
of the body under the same physical dimensions and photo-genic
conditions. A literature report showing the dependency of spontaneous
biophoton counts on age and the difference in biophoton counts
between males and females is reproduced with permission from the
publisher (He et al., 2016) as shown in Figure 5A. In panel (A) there is a
smaller downward-pointing arrow pointing to an age group of 11 to 14
years for both males and females, at which the biophoton count starts
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to increase noticeably. That age range is projected to indicate puberty.
In panel (A) there is a larger upward-pointing arrow pointing to an age
group of 41 to 50 years for the female group that may be interpreted as
menopause onset. That menopause-inferring change is not included in
the numerical model analysis per se. The numerical results as specified
heretofore are plotted in Figure 5(B) with the assumption that the
photon-fluence rate has a baseline count at the same levels as in the
literature report.

The dependency of photon count

14000 "2 w24 :onage and the difference of
12000 : photon count between male and
N puberty il - female.
2 =13
g 80004 = = - The data are the average of five
§ 0004 : separate measurements per
B : subject .
£ 40001 :
- w20 " ” -+ Male :
20001 ™IS The figure is adapted from the
R i . i . . publisher with license.
(A) 9-10 11-14 20-30 3140 41-50 51-60 61-75 e
Age group
14000 T T
140 Parameter settings
12000 = —_—
= 100 §syst(/l- £)=1
< 10000 | /
2
2 8000 Spatn (4, £)=0
g
3 6000 | ratio Tpuber = 13 (male)
c
=3
S 4000 |
£ Touber = 11 (female)
2000
: female Tfossi = 20 (both male
s and female)
(8) 10 20 30 40 50 60 70
Age (year)

Figure 5. (A) The age dependency and gender difference in biophoton emission,
demonstrated in a literature study (He et al., 2016), and (B) the simulated
photon-fluence rate at the boundary of the spherical tissue. In panel (A),
the small arrow (pointing downward) pointing toward age group 11-14 for
both males and females, is the point at which the spontaneous biophoton
count started to increase noticeably. That age group is projected to indicate
puberty. In (A), the larger upward-pointing arrow points to the female age
group 41-50 and may be interpreted as indicating menopause onset.
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Presentation of Diurnal Variation

The variation of the photon fluence rate revealed at the boundary
of the spherical tissue domain as a function of short-term homeostatic
changes over a duration of 24 hours is simulated by removing  Spa:n
and  setting Hsys: and thus Ssyse(4,t) to change periodically.

A known diurnal variation of the spontaneous biophoton count
is adopted from an open access publication (Cifra et al., 2007)
as shown in Figure 6(A). The spontaneous biophoton emission
intensity revealed a trough in the later afternoon and a peak in early

Mean normalized emissions of five 24 h Mean normalized emissions of the five
long measurements 24 h long measurements (11:00-9:00).
—e—palm ---0--- dorsum —=a— average palm-dorsum
130
420 Every two hours left and right palm as
_ o /; well as dorsal sides of the left and the
=110 “\ M right hand were measured.
2> 3 4
%100 7 —
§ 90 \w&@f w The data are averaged for palm and
- o’ 8’ dorsal sides separately.
80
70 | - 1he figure is adopted from the open-
(A) 11:00  15:00 19:00ﬁm.23[;‘0]0 3:00 7:00 access publication.
1 H 1|
0.9\_/—\
Etj 0.7} i |
= 0.6
2 0.5 | ; Spatn(4,£)=0
% 0.4
€ o3 Seyse(A,t) = 0.9+ 0.1 ~t—
ool syse(4,t) = 0.9 +0. COS(Zt_E)
0.1} i ]
00 5 10 15 50 Time [lapsein hours]
(B) (11:00 16:00 21:00 2:00  7:00) [in 24 hours if starting at 11:00]

Figure 6. (A) The diurnal variation of biophoton counts adopted from Cifra et al. (2007).
The biophoton emission intensity revealed a trough later in the afternoon
and a peak in the early morning. That diurnal variation over a range of
approximately 9go-110% of the mid-line level can be directly associated
with the circadian cycle. The variation of the photon-fluence rate revealed
at the boundary of the spherical tissue domain as a function of short-
term homeostatic changes is simulated by removing S,4:n and setting
Ssyst to change periodically. The circadian cycle is implemented into the
intensity of the physiological photo-genic source in Eq. (13) by setting
Ssyst (A, t) = 0.9 + 0.1cos G t— g)
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morning. That diurnal variation over a range of approximately go—
110% of the mid-line level can be directly attributed to the circadian
cycle. The circadian cycle is thus implemented into the intensity

of the physiological photo-genic source in Eq. (A13) by setting
Ssyst (4, t) = 0.9 + 0.1cos Gt —g) This  circadian-like  systemic
change results in Sg,(4,t) oscillating between 1 and 0.8. The

resulting photon-fluence rate as shown in Figure 6(B) varies at a cycle
close to that manifested by the noisier presentation shown in panel

(A)-

Presentation of Spatial Asymmetry Associated with an Asymmetric
Pathological Condition

The spatial asymmetry of the surface photon-fluence rate can be
induced by placing a pathological photo-genic source off-center in the
spherical domain. Such a possibility is demonstrated in Figure 7 in
referencing the asymmetric spontaneous biophoton emission intensity
that became aggregated as the tumor-load at the right axillary of a
breast cancer mouse model increased (reproduced with permission
from the publisher) (Zhao et al., 2017). The tumor volume is modeled
as increasing exponentially (Jiang et al., 2011). The tumor volumes of
respectively less than o.5 cm in diameter, between 1 cm and 1.5 cm in
diameter, and greater than 1.5 m in diameter as specified on panel (A)
are modeled as exp (1—) exp (ﬁ) and exp (E) as plotted on panel
(B). The resulting numerical value of the tumor size is scaled down to

1% and used as the intensity of the pathological photo-genic source
Spatn that is placed at 1 cm off-center at the right-lateral aspect and
1 cm off-center at the right anterior aspect, as illustrated in the left
column of panel (C). In comparison, the centered physiological photo-
genic source Syt is set to have an intensity of 1. The intensity ratios
of the centered physiological photo-genic source Ssyst over the
slightly off-centered pathological photo-genic source Spqen for the

three sizes of the tumor load are thus respectively 1 vs. 0.0195, 1 vs
0.0379, and 1 vs. 0.739. The resulting photon fluence rate over the
surface of the spherical tissue domain that is projected onto the middle
cross-section and surrounded by a thin strip of the space beyond the
tissue boundary is presented in the middle column of panel (C). The
left-right asymmetry of the surface photon-fluence rate becomes
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Figure 7. (A) The asymmetric biophoton emission intensity that became aggregated

as the tumor-load at the right axillary of a breast cancer mouse model in-
creased (Zhao et al., 2017). The tumor volumes of, respectively, < 0.5 cm in
diameter, between 1 cm and 1.5 cm in diameter, and {greater than 1.5 cm in
diameter as specified on panel (A) are scaled as exp (—5), exp (%), and exp (%)
as plotted on panel (B). The resulting numerical value of the tumor size
is scaled to 1% and used as the intensity of the pathological photo-genic
source Syq:n that is placed at 1 cm off-center at the right-lateral aspect
and 1 cm off-center at the right anterior aspect, as illustrated in the left
column of panel (C). The resulting photon-fluence rate over the surface of
the spherical tissue domain that is projected to the middle cross-section
and surrounded by a thin strip of the space beyond the tissue boundary
is presented in the middle column of panel (C). The 1-dimensional profile
along the diameter crossing the g o’clock position to the 3 o’clock position
of the 2-dimensional photon-fluence rate map of the middle column of
panel (C) is given at the right column of panel (C).
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pronounced as the localized pathological photo-genic source increases
in intensity. The 1-dimensional profile along the diameter crossing the
g o'clock position to the 3 o’clock position of the 2-dimensional photon-
fluence rate map of the middle column of panel (C) is given at the
right column. For a baseline arbitrary photon-fluence rate of 300 over
the tissue domain that is least affected by the pathological photo-genic
source, the global change of the maximal photon-fluence rate in the
right lateral region of the side of the pathological photo-genic source
increases from the baseline level to approximately 600. The pattern of
the photon-fluence rate at the right lateral side is similar to that of the
literature pattern of spontaneous biophoton emission shown on panel
(A). Meanwhile, the maximal photon-fluence rate in the contra-lateral
aspect of the pathological photo-genic source has increased slightly
from the baseline, as the left-right difference becomes pronounced.
This pattern of slight change of the contra-lateral normal side can also
be associated with the spontaneous biophoton emission pattern shown
on panel (A).

DISCUSSION

This work is intended to initiate a quantitative model-based
interpretation of a few superficial patterns of steady-state spontaneous
biophoton emission in humans to model human disease of holistic
concern. These patterns of biophoton emission have presented
associations with age, systemic physiology, and localized pathological
conditions. An obvious limitation of the proposed approach is the
unresolved problem regarding the exact physical mechanism of
autonomic regulation of biophoton emission which, unfortunately, is
prohibitive to answer and thus remains to be speculated upon at the
currentstage. As a result, the proposed model only simulates the general
life processes from a macro perspective, by including birth, sexual
maturity, aging, and possible significant pathological states of human
beings as the macroscopic factors influencing the origin of biophoton
emission through an oxidative stress pathway that could be influenced
by autonomic neuromodulation. In addition, the contribution of
organs to oxidative stress as the chemical source of photo-genesis is
complex and thus discourages the simple expression of its translation
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to the (single) source of biophoton emission, even though the model
could serve as a starting intuitive platform that can be augmented with
more complexity of the disease model in the context of photo-genesis.
Another apparent limitation of this model is the arbitrary valuing of the
photo-genic factor for converting the hypothetical differential change
of the vivodensity to a physical source of light emission. The photo-
genic factor could not be specified unless the hypothetical alternative
state of the energy scaled as “vivodensity” can somehow be examined.
Another limitation is the modeling of the human tissue volume as
a translucent and homogeneous spherical domain, even though it
perhaps be more realistic than the more commonly treated semi-
infinite tissue domain. Human tissue is also extremely heterogeneous
concerning photon propagation. The advantage of the present
spherical tissue domain is the involvement of only one boundary, as
the geometry involves essentially a radial dependency. A more practical
geometry of representing human tissue volume in terms of photon
propagation may be a cylindrical domain of finite-length within which
the similar photon diffusion approach can be applied, and in which the
heterogeneity in tissue optical properties for photon propagation can
be included. Applying the photon diffusion approach to a finite-length
cylindrical tissue domain would also require considering the boundary
at two orientations, one along the radial dimension and the other along
the polar aspect. That treatment may reveal that the strips of photon
emission at the cranial and caudal aspects of the human body differ
from the strips of photon emission at the lateral aspects of the human
body (Van Wijk et al., 2014), a presentation that may have interesting
implications for bioenergy practices. Treating heterogeneous tissue
optical properties will incur considerably more complex treatment than
is dealt with in this present work.

In this work, the physiological photo-genic source is hypothesized
to be located at the center of the human tissue domain and concerns
the systemic influence of any homeostatic causes governed by
autonomic responses. Additionally, the localization of the pathological
photo-genic causes at only one off-center source is rather arbitrary. But
the results associated with a single off-center pathological photo-genic
source can be conveniently expanded to the case of having multiple
pathological conditions that each demands an individual photo-genic
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source or a cluster of sources that can be weighted according to the
tissue mass or volume affected. In such cases, multiple pathological
photo-genic sources of different intensities (and different temporal
presentations) can be localized at different positions that potentially
represent their site-specific anatomy, and the spatially resolved photon-
fluence rates resulting from those multiple pathological photo-genic
sources can be combined in perhaps a linear format to inform the
composite photon-fluence rate at the surface, and further configured
in three dimensions for tomography or topography needs. For a more
complicated tissue geometry and tissue with heterogeneous optical
properties, the computation of the surface photon-fluence rate may
be conducted by using numerical procedures such as finite-element
methods (FEM) (Arridge et al., 2000) for solving photon propagation
problems. Implementing numerical methods such as FEM may also
allow addressing complicated pathological photo-genic causes that
are better represented by the source modeled over a continuous tissue
volume of arbitrary shapes or extents if they all contribute to the
hypothetical photo-genesis through the oxidative stress process that
ultimately involves autonomic control.

The pathological condition has been hypothetically linked in this
model with neuronal control in deriving the photo-genic source term.
A site of pathology that has lost autonomic control will likely lead to
no change of the vivodensity, and thus a smaller or zero intensity of
the photon-genic source. A smaller photo-genic source will result
in a smaller superficial photon-fluence rate at the geometric side of
the pathological condition, or equivalently higher superficial photon-
fluence rate at the contra-lateral side. This arrangement of autonomic
control has made the model output consistent with the observation
of lower spontaneous biophoton emission at the hand of hemiparesis
when compared with the normal contra-lateral hand (Jung et al., 2003).
The validity of the photo-genic effect of autonomic control for the
superficial patterns of spontaneous biophoton emission is subject to
experimental examinations.

The macroscopic-scale temporal changes of the superficial
photon-fluence rate have been estimated in this work for a single case
of diurnal-like variation over a short 24-hour period. The approach is
applicable, however, to modeling macroscopically presented, temporal
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changes over a timescale much different from a day-long period.
In order to evaluate the temporal changes of the superficial photon
fluence rate over a longer-than-a-day scale, we will need to know
how the homeostatic changes over the same timescale may alter the
physiological photo-genic process. The methodological conveniences
of estimating the macroscopic-scale superficial photon-fluence rate, on
the other hand, may facilitate modeling the microscopic-scale temporal
pattern of biophoton emission under short and strong stimulation
or stress. This will require treating the photon diffusion problem as a
strictly temporal problem with fast time-responses, not the steady-state
problem with slower temporal modulation of the photo-genic source as
is simplified in this part of the work for superficial profiling of steady-
state spontaneous biophoton emission. Works based on time-domain
photon propagation approaches have been demonstrated by the author
to address the kinetics of the changes of biophoton emission induced by
external stress that exerts significantly faster modulation to the photo-
genesis (Piao, 2020a; Piao, 2020b). The theoretical outcomes of those
works agree with what others have observed (Chwirot, 1988; Hagens et
al., 2008) and seem to support the central hypothesis of this work.

We note that, regardless of the complexity of model approaches
to explain biophoton phenomena appearing to co-exist in humans, it
may become unavoidable to consider human factors in addressing the
observations. And consideration of human factors will likely be plausible
byimplementing neuronal activities as a source of modulating biological
responses that will determine the physical origin of biophoton emission,
or the variation of biophoton emission as a result of external conditions.
Since neuronal activities give rise to bioelectrical signals, assessing the
neuro-electrical signals synchronously with the registration of any
changes in biophoton emissions in humans, or a faculty of neuronal
control, may provide unprecedented insights into the mechanism of
biophoton emission and inter-neural communication.

CONCLUSIONS

In conclusion, we have presented an analytical hypothesis for
the interpretation of a few patterns of steady-state spontaneous
biophoton emission in humans, including the dependency on age,
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diurnal variation, and the geometric asymmetry associated with serious
asymmetrical pathological conditions. The hypothesis has assumed a
collective state of autonomic neuro-energy expressed as vivodensity,
which is considered to be associated with only metabolically active
organisms that are also under neuronal control. This vivodensity
represents the maximal coherence among the energy “modes” of
neuronal control that an intelligent being represented by humans is
entitled to engage in at a given time of life. This vivodensity is linked
to modulating metabolic activities responsible for photo-genesis
pertinent to biophoton emission. The hypothesis projects a decrease
of vivodensity in humans during growth beyond puberty, with the rate
of decrease dictated by a timescale set by the date of sexual maturity.
The hypothesis also projects a modification of the vivodensity by the
phases of systemic or homeostatic physiology. The hypothesis further
postulates that the deviation of the physiology-modified vivodensity
from the pre-puberty level is deteriorated by acquired organ-specific
pathological conditions. A temporal differential change of vivodensity
is hypothesized to ultimately cause the variations in oxidative stress that
have been known to be a primary physical source of biophoton emission.
The human geometry model is simplified as a homogeneous spherical
domain. The resulting steady-state diffusion of the photon emitted
from a photo-genic source in the human geometry model is modeled
by steady-state photon diffusion incorporating an extrapolated zero-
boundary condition. The physiological photo-genic source is centered,
and its intensity is determined by the age and systemic physiology
combined. Comparatively, an acquired asymmetric pathology sets
both the intensity and the off-center position of the pathological
photo-genic source. When the photo-genic sources are implemented
in the photon diffusion model, the steady-state photon-fluence rate
at the surface of the simplified human-representing spherical domain
resembles the superficially presented patterns of age-dependency,
homeostatic variation, and pathology-induced asymmetry of spon-
taneous biophoton emission reported in experimental studies. The
analytical method has had the applicability demonstrated in a time-
domain analysis, for interpreting the delayed-emission kinetics of
biophoton emission under stimulation.
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APPENDIX

Steady-State Photon Diffusion in an Unbounded Medium of Spherical
Geometry

With the placement of a steady-state photo-genic source in the spherical
tissue domain representing the human body, the steady-state propagation
of the photon in the spherical domain that is several orders greater than the
photon-scattering path-length in a biological tissue can be readily modeled
by the diffusion approximation to the radiative transfer equation (Ishimaru,
1989). The human body is treated in the present work as a globally homoge-
neous diffusive medium containing localized steady-state spatially impulsive
photo-genic sources. The diffusive tissue medium is characterized by the fol-
lowing properties: absorption coefficient g, [unit: cm™], reduced scatter-
ing coefficient pg [unit: ecm™], diffusion coefficient D = 1/[3(u, + )]
[unit: cm], and effective attenuation coefficient Mess = \/ia/D
[unit: cm™. For a field or detection position at ¥ = (r,08,¢) within
the globally homogeneous tissue domain including that on the tissue-air
boundary, the steady-state photon-fluence rate W(%) (unit: Ws>cm™)
satisfies the following governing equation (Contini et al., 1997):
V2W(y) — —LP(X) = S(X) (A1)
where S(¥) is a source term, which is also subject to a boundary condition
as all boundary-involved electromagnetic problems are. For an infinite
homogeneous medium containing a steady-state point source at j’ with an
intensity S as represented by S-&§(¥"), Eq. (A1) has the well-known Green’s
function solution of (Zhang et al., 2010):

( X _),) S 1 ( | 4 X' |) (A )
) = TTeXP\— - 2

Eqg. (A2) can also be written in the following form of Eigen function
expansion (Piao et al., 2015):

(A3)

(T, 7 )-—(ueﬁ)zhl(ueﬁu) ACRES) Z[ (0,97 Yo (6, 0)]

m=-l1

where i, and k, are respectively the /-th order modified spherical Bessel func-
tion of the first and the second kinds, '< and 7. are, respectively,
the smaller and greater radial coordinates between the source and the detector,

and Y, is the spherical harmonics function.
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Treatment of the Boundary Condition Associated with Steady-State
Biophoton Emission from a Spherical Surface

With regard to the effect on photon-fluence rate by the tissue-air
boundary, it has been established that the photon-fluence rate does not become
zero at a field position immediately beyond the tissue boundary; instead, a
more accurate treatment of an extrapolated zero-boundary condition sets zero
for the photon-fluence rate at a distance away from the tissue boundary—
the so-called extrapolated zero-boundary (Haskell et al., 1994). Figure 3 with
the implementation of the extrapolated zero-boundary is illustrated in Figure
A1. A field ¥ point on or beyond the spherical tissue boundary locates at
(r,8,9) with > = Ry + Rp . The application of the extrapolated zero-

\ (r,0,4)
‘-;*. Iima_q
) path

Extrapolated
boundary

Physical boundary

Figure A1. The human body containing a physiological photo-genic source of Sg,,;
at the center of the spherical domain, and a single pathological photo-
genetic Spyqen source  at (Rpqen, 0,0) . The photon emitted by a
photo-genic source diffuses in the human body and encounters a
refractive index discontinuity at the body boundary. The effect of the
tissue—air boundary is accounted for by setting the photon-fluence rate
at an imaginary boundary extrapolated from the physical boundary at a
distance of R,. The image of the single pathological photo-genetic source
Spatn is located at the radial direction Spa:n of due to the obvious
symmetry. The intensity of the image of the single pathological photo-
genetic source S, may become -S,;;, in the case of the tissue
becoming a semi-infinite domain.
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boundary condition to the photon fluence associated with any source within
the tissue medium is satisfied by introducing an “image” of the source with
respect to the extrapolated zero-boundary that is co-centric with and at a radial
distance of R, = 2AD outward from the physical boundary (Piao et al.,
2015) where

A=(1+8)/1-§),&=—1.440n"2 + 0.710n"1 + 0.668 + 0.0636n,

and n is the refractive index of the air-bounding tissue. As the composite
photon-fluence rate resulting from both the physical source in the tissue
medium and the image of it becomes zero at the extrapolated zero-boundary,
the composite positive photon-fluence rate elsewhere resulting from the
same two sources of one being physical and the other being imaginary thus
become the solution in the associated physical space within the body volume
or beyond the boundary, according to the unique characteristics of all the
electromagnetic properties.

For the pathological photo-genic source Spqen located off-center at
(Rpatn, 0', @"), the geometric symmetry determines that the image of it with
respectto the extrapolated zero-boundary must be located along the same radial
direction. The source Spatn and its image with respect to the extrapolated
zero-boundary thus collectively set at zero the photon-fluence rate on the
extrapolated zero-boundary. Based on Eg. (A3), the photon-fluence rate
associated with the pathological photo-genic source Spatn and evaluating
on the extrapolated zero-boundary, for which the source locates at < = Rpq¢n
and the field point locates at 7> = Ry + Ry, is

L pam[,(ueﬁ)Zu[ueﬁ (Rpaen)] - klters (Ro + Ry)]
=0

Z V(6,0 )¥in(6,9)

m=-l1

(A4)

where the notation "leﬁ ‘,ight" indicates evaluating the “left” term as the
source and the “right” term as the field position. Note that any “/”th order (or
moment) of the pathological photo-genic source has the same intensity as
Spatn-Similarly, the photon-fluence rate associated with the image of the
pathological photo-genic source, and evaluated on the extrapolated zero-
boundary, for which the source now is located at a radial position of a to-be-
determined 7, and the detector located at r< = Rg + Ry, is

) 1 = .
Ppath | yerq = D (er7) ; Si'+ i [Hers (Ro + Ro)] - ki [per ] "

l
PR ACEBICE

m=-1
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where the term S is different for different “/” (or moment). Based on the
essence of “image-source” (Zhang et al., 2010; Piao et al., 2015), the two
unknown terms S a n d j, associated with the /-th order (or mo
ment) “image” source (the component) can be expressed by a single
unknown term S; associated with the same order (or moment) of the
actual pathological photo-genic source Syq:, located within the tissue at
(Rpatn, 8', '), (the i, component), as the following:

S kilpersrs] = Si-ii[pers (Rpaen)] (A6)

Applying the extrapolated zero-boundary condition of

p imag =0
pathlextra path extra
leads to

ki[pef f(Ro+Rb)]

Sl = —Spath—[—]'il yieff(Ro+Rb) =0,1,2,.. (A7)

Now for the photon-fluence rate associated with the pathological photo-
genic source at (Rpacn, 8',@"), but evaluating at a field point between the
body boundary and the extrapolated zero-boundary, the source still locates at
< =Rpq:n but the detector or the field point locates at . = Ry + Ar,
where Ar € [0,Ry]. For the photon-fluence rate associated with the image
of the pathological photo-genic source and also evaluating at a field point
between the body boundary and the extrapolated zero-boundary, the field point
now is located atrc =R, + Ar and the source terms are known through
Egs. (A6) and (A7). Collectively the composite photon-fluence rate originating
from a pathological photo-genic source at (Rpgen, 6', ¢'), and sensed by a
detector or field point at (Ry + Ar, 6, ¢) between the body boundary and
the extrapolated zero-boundary becomes:

_ imag
Wpatn= lppathlfield + Woatn Fiela

path (.ueff)zll [terr(Rpan)] - kilterr (Ro + AT)] Z Y (8", ") Yin (6, 9)

m=-l

k [lleff(R + Rb)

P70 T BN v (970" Y (6,
T o TR Z (0", Yim 6, )

S t
- p; " (terr) Z Upters (Ro + Ar)]i[pers (Rpatn)]

path

(ueff)zn[ueff(Rpam)] Kulters ®Ro + ) Z V(0" &) Yim (0, )

m=-l

{1 __ ufpesf(Ro+An)] kl[ﬂeff(R0+Rb)]}

kilpesf(Ro+A7)] itluesf(Ro+Rb)] (A8)
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“w_n

Equation (A8) contains two parts: the “1” in the bracket represents the
infinite-medium contribution to the photon-fluence rate by the pathological
photo-genic source S,q;, that can be expressed in the simple form of Eq.
(A2); and the other term in the bracket scales the infinite-medium contribution
to the photon-fluence rate by the image of the pathological photo-genic
Spatn source with respect to the former one. By using some analytics of the
modified spherical Bessel function and Eq. (A2), Eq. (A8) is converted to the
following form (Piao et al., 2015)

__ Spath 1
qJpai.“h ) Ipath exp(_.uefflpath){l

Il+1/2[ueff(Ro+Ar)] Kl+1/2[ueff(R0+Rb)]
Kl+1/2 [ueff(Ro+Ar)J Il+1/2 llleff (R0+Rb)J

(A9)

where IH% and KH% are respectively the (l +%)—th order modified

Bessel function of the first and the second kinds. For a human body simplified
as a spherical domain, it is easy to have an (i.e., 10 cm) that is substantially
greater than 10 times and to have the secd®J term in the bracket of Eq. (A9)
approximated by 1/bers

(A1r0)
Iis1/, lHers(Ro + AP)] Kyyay, [ers(Ro + Ry)]

= exp|—2perr(Rp — A
Kl+1/2 [.ueff(RO + AT‘)] Il+1/2 ['ueff(Ro + Rb)] P[ Uerr(Rp r)]

Thus, Eq. (Ag) will be changed to a trivial form of
(A11)

Spath 1
41D lpa[;h_

Wpatn = exp (—tesrlparn {1 — exp[—2perr (Rp — AT)|}

Eq. (A11), which is associated with the pathological photo-genic source of
, conveniently satisfies the condition of producing a zero composite
photon-fluence rate at the extrapolated zero-boundary, whereupon

Eq. (A11) also determines that the photon-fluence rate associated Ar = Rp.

with the pathological photo-genic source of  which decreases

monotoni-cally  from the body “P" boundary to the extrapolated
zero-boundary. One can find that a hypothetical movement of the photo-genic
source like the pathological one from toward the center of the

Spath patn, 0, @), spherical domain can maintain the
boundary-resulted  composite  photon- fluence rate in the form
of Eqg. (A1), with the length dimension ‘Path varying according to the
position of the photo-genic source. The hypothetical experiment infers that

Spath
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the boundary-resulted composite photon-fluence rate at a field point at

(Ro + Ar,8,9) in association with a physiological photo-genic source
Ssyst located at the center of the spherical domain can be represented as the
following:

Ssyst 1

Yoo =2
Sy st 41D lsyst

exp(—pesrlsyse {1 — exp[=2pers(Ry — AN)]} (Ar2)

where [y is the distance from the physiological photo-genic source to the
field point. When both the physiological photo-genic source Sgys: and the
pathological photo-genic source Spatn are considered as the origins of the
photon emission causing photon distribution beyond the spherical boundary,
the composite photon-fluence rate at a field point (R, + Ar, 8, ¢) is thus the
combination of the respective photon-fluence rates of Egs. (A1) and (A12), as
the following:

1
41D

1 1
[Ssyst Fst exp (_.ueff lsyst) + Spath Ipath exp(_.uefflpath)]

{1 —exp [—Zueﬁ (Rp — Ar)]}

lp1.“01.“(11 =

(A13)

Regarding Slow Photon Sourcing for Steady-State Biophoton Emission

Ideally, the temporal profile of the photons measured at the tissue
surface shall be the convolution of the source temporal profile with the
temporal point-spread function of the photon diffusion process. All changes of
biophotons measured at the surface over the scales assessed in this work can
be safely treated as infinitely large compared with the time that a biophoton
takes to propagate from a site of photo-genesis to the surface. This essentially
makes the surface measurement of biophotons follow exactly the temporal
pace of the photo-genesis term, which shall reflect what has happened due to
physiological, environmental, or pathological conditions.



