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Abstract

Much remains to be identified for the temporal course of stress-induced photon emission (PE) from organism following
stress of various types including but not limited to light. Induced PE concerns surface light emission in excess of the
baseline level of spontaneous ultraweak photon emission, in response to a localized or systematic stress via oxidative
bursting. It is proposed that the surface emission of induced PE involves two causally sequential phases: a stress-transfer
phase that transforms the stress to perturb photogenesis balanced at homeostasis and a photon-propagation phase
that transmits the photons from the domain of perturbed photogenesis to surface emission. The traversing of induced
PE photons from wherever the domains of photogenesis perturbation are in the organism following the stress to the
surface must involve photon propagation of which the scattering will affect the photon lifetime. Induced PE is usually
substantially retarded in occurrence or longer in duration with respect to the stress. In order to identify whether the
time course of induced PE can be attributed entirely to the stress-perturbed photogenesis, Part | estimates the upper
limit of the scattering-caused photon lifetime following photogenesis. The estimation of that upper limit is based on
setting the photogenesis at the center of a spherical human-size tissue having an unrealistically strong tissue scatter-
ing. Time-resolved photon migration analysis reveals that the scattering-limited lifetime will not be greater than 100 ns
at a human scale. The time course of induced PE reported thus suggests a much retarded and slower perturbation to
photogenesis with respect to the time course of stress for manifesting the surface-observed induced PE. The theoretical
insight, which may complement the soliton mechanism, also supports the exploration of entopic phenomena including
phosphenes and negative afterimages via delayed PE. The subsequent Part Il hypothesizes a few stress-transfer kinetic
patterns feeding the photogenesis.
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1 Introduction reactions during cellular respiration, but are toxic to liv-

ing cells [3]. UPE distinguishes itself from other forms of

Ultraweak photon emission (UPE) [1] concerns the spon-
taneous steady-state or stress-triggered varying emission
of extremely weak light from an organism. UPE is sourced
by the transition of excited biological molecules, mostly
reactive oxygen species (ROS) and less commonly reac-
tive nitrogen species (RNS) to lower-energy states [2].
ROS are generated at a fixed rate by oxidation-reduction

light emission such as fluorescence, phosphorescence and
bioluminescence in terms of intensity, spectrum, spatial
coherence and temporal rhythm [4-6], which collectively
suggest under-resolved mechanistic origins. Many terms
have appeared historically in referring to UPE phenom-
ena: weak luminescence [7], low-level chemiluminescence
[8], spontaneous chemiluminescence [9], biophoton(s)
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emission [10, 11], ultra-weak bioluminescence [12], auto-
luminescence [13], spontaneous ultra-weak light emission
[14], etc. The situation that a number of terms have been
suggested to describe experimental observations specu-
lated of the same underlying principles manifests that the
slowly evolving understanding of UPE has yet to reach a
consensus.

When in homeostasis, the cellular organism employs
a variety of scavenging mechanisms to maintain the
concentration of ROS at very low levels [3]. The lumines-
cence intensity of the baseline spontaneous UPE of a liv-
ing healthy organism is thus extremely low, at the orders
of 100 s photons per square centimeter per second [11,
15] when measured on the surface, whereas the intra-
organism intensity might be substantially higher [2]. The
extremely weak illumination level makes UPE difficult
to detect and unappealing for application. As a result,
much controversy or uncertainty remains regarding the
mechanistical, analytical and practical aspects of UPE.
The hypothesized connection of UPE with consciousness
and how cellular communication works [16, 17] further
perplexes the exploration of UPE phenomena. Regard-
less of the not-yet-adequately-resolved biological origins
and under-defined neurophysiological engagements of
UPE, the UPE detection is in no doubt a matter of photon
detection that has to be dictated by the principles of phys-
ics, including those determining photon propagations in
biological tissue or organic medium and at the interface
between two optically coupled media. The detection of
UPE involves optimization of the optical, spectral, spatial
and temporal configurations for photoelectronic instru-
ment, similar to detecting any other weak illumination
wherein increasing the sensitivity and suppressing the
noise cross talk are essential [18]. UPE is reported to pre-
sent a continuum spectrum covering the visible band and
extending to near-infrared band [8, 10, 19-27]. Although
the continuum spectral presentation of UPE is still elu-
sive [27], studies have identified electron-related energy
transitions of multiple types that occur in mitochondrial
chemical chain reactions and result in broadband photon
emissions of multiple local maximums that when com-
bined may conform to the continuum spectrum of UPE
[28]. The continuum spectrum of UPE renders the opportu-
nity to control the spectral bandwidth of detection optics
for both noise benefit and probing a specific spectral
response of an organism in response to stress that can be
externally controlled or modulated [29].

When living organisms become stressed by an exter-
nal stimulation of various types including but not lim-
ited to light [30, 31], the concentration of ROS increases
and induced photon emission (PE) in excess of the base-
line level of spontaneous UPE is observed [32]. Induced
change of the photon emissions provided much sought
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physiologically sound explanations to some very intrigu-
ing observations, including the entopic phenomena of
phosphene and negative afterimage considered relat-
ing to lipid peroxidation [33-35]. The increase in photon
counts in induced PE from an organism in excess of the
baseline level of spontaneous UPE has been attributed
mechanistically to oxidative burst caused by metabolic
responses to an external stress or shock that disturbs the
homeostasis [36-38]. Whatever the metabolic pathways
prescribing the induced PE are, the photons of induced PE
whose count is elevated from the baseline level of sponta-
neous UPE will appear on the tissue surface only after the
onset of the stimuli, be it spatially localized or systemati-
cally applied or spectrally modulated, as is shown concep-
tually in Fig. Ta. In terms of the time course of an inducted
phenomenon including but not limited to induced PE with
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Fig. 1 a The elevation of the surface emission of UPE with respect
to the baseline level of spontaneous emission occurs after the
onset of an exogenous stress. There should have a non-instantane-
ous pathway to transfer the exogenous stress to the surface emis-
sion of more photons that delay in time with respect to the onset
of exogenous stress and decay in intensity until reaching the base-
line level of spontaneous emission, b we consider four cases pos-
sible for the temporal profile of an induced phenomenon (e.g., PE)
with respect to the onset/removal of the stimulation/stress. (1) the
induced phenomenon responds instantaneously to the stress; (2)
the induced phenomenon appears instantaneously following the
stress but there is a slower temporal change; (3) the induced phe-
nomenon appears after the onset of the stress with a delay time
less than the duration of the stress; and (4) the induced phenom-
enon appears after the removal of the stress
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respect to the temporal profile of the stimulation or stress
applied to the system that causes the phenomenon, four
cases may be possible as shown in Fig. 1b. Case (1), the
induced phenomenon responds instantaneously to the
stress so the temporal profile of the induced phenomenon
duplicates that of the stress without a delay at the onset or
removal of the stress. Case (2), the induced phenomenon
appears instantaneously following the stress but there is
a slower temporal change to cause a rising phase at the
onset and a falling phase at the removal of the stress. Case
(3), the induced phenomenon appears after the onset of
the stress with a delay time less than the duration of the
stress. Case (4), the induced phenomenon appears after
the removal of the stress.

Cases 1 and 2 may be hypothetical to the observed time
course of induced PE with respect to the time course of
the stress. However, the four hypothetical cases shown
illustrate collectively that there should have two aspects
of the temporal course of an induced phenomenon with
respect to the temporal profile of the stimulation, which
would apply equally to assessing the temporal course of
induced PE that is usually delayed or slower with respect
to the temporal course of stress. The first aspect of the
temporal course of induced PE is when the change of sur-
face photon count occurs with respect to the change of
stress. This first aspect, which is a time delay, retardation, or
phase shift issue, is represented by two specific responses:
one is when the surface photon count changes (elevates)
from the baseline level of spontaneous UPE in response to
the onset of the stress, and the other is when the surface
photon count changes (falls) from the induced steady-
state level in response to the removal of the stress. The
second aspect of the temporal course of induced PE is the
time it takes for the change of the surface photon count
to stabilize. This second aspect, which is a kinetic decay or
dynamic change issue, is also represented by two specific
responses: one is how long it takes for the surface photon
count to change (elevate) from the baseline level of spon-
taneous UPE to the steady-state level of induction under a
stress applied at a steady-state, and the other is how long
it takes for the surface photon count to change (fall) from
the steady-state level associated with the steady-state
stress to the baseline level of spontaneous UPE after the
stress is removed.

Without much exception, the existing reports of
induced PE in response to stress of various types includ-
ing but not limited to light have answered a lot of ques-
tions regarding the second aspect, or the kinetic decay
issue, of the temporal course of induced PE. However, the
first aspect, or the retarded or delayed occurrence of the
induced PE with respect to the change of the stress has not
been paid attention from the perspective of how that part
of temporal course may affect the overall time course of

induced PE. Should there be a delay of the photon appear-
ance on surface that is caused solely by tissue optical
properties that hamper light propagation in the absence
of any secondary mechanism prolonging light presence in
tissue, the tissue optical property-limited delay will affect
both the temporal delay and kinetic decay that collectively
compose the temporal course of the induced PE.

Of induced PE, the ones responding to photic stress or
photo-illumination have registered the shortest device-
specific delay time (which was bounded by the time-
gap manageable between the removal of stress and the
starting of photon acquisition without confounding the
photon-detection due to the afterglow of the light illumi-
nation), a minimum of 8.5 ps after the removal of photo-
illumination [39]. And the intensity of the initial peak of
induced PE responding to photo-illumination can be sev-
eral orders of magnitude stronger than the steady-state
level of spontaneous UPE [40, 41]. Other types of external
stimulation, such as chemical [30], mechanical [5], thermal/
environmental [3], radiative [42], electrical [43] and mag-
netic [44] have shown to cause induced PE of relatively
smaller change over the baseline level than the photic
stimulation. Induced PE in response to non-photic stim-
ulation is usually much slower in the decay kinetics and
can last very long (up to several hours [45]) after the stress
or shock was removed. Because induced PE responds to
external stress through metabolic pathways that are
linked to oxidative burst, controlling external stress can
thus modulate the induced PE and suggestions have been
made to use the decay kinetics of induced PE to probe the
oxidative stress pathways [41, 46]. This viable application
of induced PE with the promise to probe homeostasis is a
challenge in the present, because the weak level of photon
emission of induced PE (particularly when in association
with non-photic stress) requires long acquisition time and
highly sensitive photon-counting techniques in addition
to the extreme care to the light tightness of the measuring
environment. Exploring the application of induced PE is
also difficult in the present, because much of the mecha-
nistical (analytical and specific metabolic) association
remains to be established between the various kinetic pat-
terns of induced PE that can be measured and the external
stress or shock that can be modulated.

The causal transitions of the external stimuli to the sur-
face emission of induced PE photons may be unrealisti-
cally simplified but conceptually insightful as to follow two
sequential processes: a stress-transfer process that triggers
the photogenesis through pathways or mechanisms that
are not resolved adequately but shall involve physiological
or metabolic chain reactions, and a subsequent photon-
propagation process that delivers the photon to tissue
surface for photoelectronic detection that abides to pure
optical principles. For induced PE photons produced inside

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:1566 | https://doi.org/10.1007/542452-020-03346-1

the tissue, the surface arrival of photons originating from
wherever the sites of perturbation to photogenesis within
the tissue are before being coupled to an outer interfacing
layer [i.e., air] must involve a precedent stage of photon
propagation within the tissue that would involve scat-
tering by cellular and subcellular microstructures and
absorption due to chromophores, if neglecting other
types of light-tissue interactions. Therefore, the photon
paths from the site of the perturbed photogenesis to
the surface site will be modulated by tissue scattering,
which will cause temporal spread or broadening of the
photon’s temporal profile even for an impulsive perturba-
tion to photogenesis that responds instantaneously to an
impulsive external stimulus (i.e., no delay between stress
onset and photogenesis change). For a non-instantaneous
process between the onset of external stimulus or stress
and the perturbation to photogenesis that would source
the induced PE, both the duration of the stress-transfer
phase and the photon-propagation phase will delay or
retard the surface appearance of photons with respect to
the onset of the external stimulus. The temporal profile
of the surface-measured induced PE in response to an
external stimulus apparently will express the temporal
characteristics of both of the two processes, namely the
stress-transfer process and the photon-propagation pro-
cess, and the length of the temporal retardation or the
duration of the PE measured on tissue surface has to be no
shorter than the longer temporal scale between the two
phases. The well-known nonlinear soliton mechanism [47]
that justifies the coherence and most common hyperbolic-
decay patterns of induced PE may be intervened in one
or both of the processes. Solitons may be formed in the
stress-transfer phase to prolong the lifetime of the excited
states, causing a delayed or slow photogenesis phase to
produce the surface-emitted photons later and slower
in time comparing to the onset or removal of stress. The
soliton or soliton-alike state could also be involved in the
photon-propagation phase, if the broadband nature of the
induced photon could cause secondary photon emission
by photon absorption/reemission to cause either higher
intra-organism biophoton intensity [2] at a given moment
or collectively prolong the effective lifetime of the photon
in tissue when detected on the surface. Whichever the way
that soliton states could be involved, it will not change the
causality to dictate that the stress shall activate the change
in photon production which will appear later as a change
in the surface-emitted photon count.

Many studies have appeared for resolving the decay
kinetics of induced PE, which is the second aforemen-
tioned factor affecting the temporal course of surface-
measured induced PE. However, there has not been any
work to this author’s knowledge that has dedicated to
appreciating how much temporal spread or broadening
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of surface-detected induced PE photons can be resulted
from tissue scattering alone which directly affects the first
afore-referenced factor and is also pertinent to the sec-
ond afore-referenced factor in constituting the temporal
course of induced PE. The lower limit of the temporal delay
or retardation of induced PE with respect to the change
in stress or external stimuli is trivial. The upper limit, how-
ever, affects how the delay or retardation of induced PE
when arising with respect to the onset of stress and how
the duration of induced PE when decaying with respect to
the removal of stress can be interpreted for investigating
the underlying mechanisms. The information concerning
the temporal delay of photon propagation within tissue of
organism that will be caused by light scattering is impor-
tant to the identification of the dominating temporal
cause of the induced PE, particularly for those scenarios
associated with photic stimulation that has shown the
fastest decay response and requires fast temporal gating
for the recovery of decay kinetics. Should the temporal
delay by tissue scattering be not negligible for the regis-
tration of induced PE, the duration and decay kinetics of
induced PE shall be interpreted with full consideration of
photon propagation in tissue, particularly for large tissue
volume comparable in size to human and for an external
stress that is off-site or systematic for any potential of
health application. Should the temporal delay by tissue
scattering be negligible in the registration of induced PE,
any retardation and the duration over which the induced
PE reveals a kinetic change will then be mechanistically
governed by the process of states likely involving soliton
formation that transfers the external stress (which is exog-
enous so open for modulation) to photogenesis (which
is endogenous and hidden but is assessible and can be
reconstructed by using surface measurements including
tomographic approaches). A substantially later increase in
surface-observed induced PE in comparison with what is
possible by light propagation in tissue thus is hardly justi-
fiable without a photon-production hike that could have
occurred later than the onset of the stress. Similarly, a sub-
stantially longer reduction in surface-observed induced PE
after the removal of the stress in comparison with what is
accountable by light propagation delay in tissue may be
accounted for only by a reduction in photon production
that occurs later than the removal of the stress. A knowl-
edge of such processes would thus be analytically informa-
tive to probing the underlying mechanism and project-
ing practical applications by using induced PE that can
be correlated with modulable stress for the potential of
coherence detection to improve the signal-to-noise yield
and to complement the soliton mechanism in terms of
quantitating the temporal spectral details of induced PE.
In this regard, this Part | attempts to estimate the
upper limit of the temporal delay that is possible for the
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surface-observed induced PE with respect to the pho-
togenesis following a stress application. To assess this
upper limit without losing the insight for practical appli-
cations pertaining the connection of oxidative stress with
health conditions such as neurodegenerative disease [48],
the analysis is performed for a human-size tissue and by
assuming very strong tissue scattering to present long
delay of the surface emission of photon when originat-
ing from the deepest interior of tissue. The solution of
the temporal spread of photon propagation in response
to a spatially and temporally impulsive photon source is
derived for the spherical tissue domain whose size is sev-
eral orders of magnitude greater than the photon scatter-
ing pathlength. The solution is then numerically evaluated
for tissue domain with significantly exaggerated scatter-
ing conditions comparing to what is realistic for a tissue,
in order to assess how the maximal temporal spread of
photon diffusion measured at the tissue surface that can
be caused by tissue scattering compares with the known
observation of the device-specific delay or retardation that
occurs after the removal of the stress. The upper bound of
the temporal delay of photon with the spectral relevancy
to PE due to tissue scattering is assessed analytically by
solving time-resolved photon diffusion over a spherical
tissue domain of 40 cm in diameter that approximates the
cross-sectional size of human body and with a reduced
scattering coefficient as strong as 500 cm ™, by also imple-
menting a boundary condition common for assessing pho-
ton remission from tissue that interfaces with air.

2 Temporal propagation of light of spectral
relevancy to induced PE in a spherical
air-bounding tissue domain: analytical
principle

The greater the photon path in the scattering tissue
domain is and the stronger the tissue scattering is, the
longer the temporal spread of the photon prorogation
becomes. To assess the maximal temporal delay or broad-
ening of photons in tissue due to scattering in a volume
applicable to human scale for the potential of health appli-
cation, it is necessary to assume a large tissue volume and
a strong tissue scattering. The light propagation in bulk
tissue is accurately described by the radiative transfer
equation [49]. In assessing the maximal temporal spread
of photon propagation that can be caused by tissue scat-
tering alone, the photon diffusion approximation [50] to
the radiative transfer equation will be implemented as
that accurately describes diffuse photon propagation in
scattering biological tissues over a distance that is sub-
stantially longer than the mean scattering pathlength of
the photon in tissue.

An important aspect of the physical principles shared
by detecting induced PE or spontaneous UPE, referred to
as photons of UPE nature, with other light acquisition sce-
narios that must be cared about for photon detection is
the “boundary effect” that governs both ballistic and non-
ballistic light transmission from one medium to the other.
A likely example of “boundary effect” on detecting pho-
tons of UPE nature was demonstrated by Nakamura and
Hiramatsu [51] in acquiring biophotons from human hand
by using a photomultiplier tube (PMT). When there was an
air layer between the palm and the glass window of the
PMT, about 100 photon counts per second was obtained.
When mineral oil was used to buffer the hand with the
glass window of the PMT, about 200 photon counts per
second was obtained. This was approximately twice as
much in comparison with the former one. Similar level of
enhancement of the photon counts was obtained also by
water buffering of the PMT glass window with the palm (it
was not clear whether the cathode potential of PMT would
have been affected by the buffering). The results, after
accounting for the difference in dark count among the
different configurations, indicated that the contact of the
hand with the oil did not lead to an increase in the pho-
ton emission of the hand by a chemical reaction and that
the emission from the inside of the skin certainly existed.
The enhancement of photon passage from tissue to PMT
light collection chamber at the presence of a buffer layer
of mineral oil was attributed to better matching of the
refractive index across the boundaries that the photons
had to pass. Regardless of where the photons were gener-
ated (i.e., the site of photogenesis) within the tissue, sand-
wiching the tissue and the glass window of the PMT with a
layer having an intermediate refractive index to enhance
the collection of UPE photon is, unmistakably, a presenta-
tion of the boundary-value principle of light transmission
between two media. Were the photons of UPE nature gen-
erated on or extremely close to (shorter than a few scatter-
ing pathlengths) the surface of the tissue, the transmission
of those photons from tissue to the outer interfacing layer,
be it mineral oil or the air between the tissue and the PMT
glass window, will be primarily ballistic or quasi-ballistic
and so the transmission of photons from the superficial
tissue layer to the detector is then affected primarily by
the Fresnel refraction. Were the photons of UPE nature
produced inside the tissue, the surface arrival of UPE pho-
tons from wherever the sites of photogenesis within the
tissue are before being coupled to the outer interfacing
layer must involve diffuse photon propagation within the
tissue due to scattering by cellular and subcellular micro-
structures and absorption by chromophores, among other
light-tissue interactions.

In the following sections, the time-resolved diffu-
sion of light with spectral relevancy to induced PE or
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spontaneous UPE (i.e., in the VIS/NIR band of biological
window for which the photon diffusion analysis is conven-
tional) is treated with spherical Eigenfunction decompo-
sition, Laplace transformation and necessary approxima-
tion to facilitate numerical evaluation of the problem in
a spherical tissue geometry with the pertinent boundary
condition. The tissue geometry for the surface emission
of photon concerns a spherical tissue volume with the
photo-sourcing assumed to occur deep in the center that
aligns with the objective to assess the maximal temporal
delay caused by scattering. The spherical tissue geometry
is indubitably an overly simplified representation of the tis-
sue domain from which the induced PE could be measured
on the surface. However, a spherical tissue domain would
be more applicable to the potential of health application
than the much simpler semi-infinite tissue geometry. And
the placement of a photon source deep in the center of
the spherical tissue volume is necessary for the estimation
of the longest time delay with respect to the moment of
photogenesis for surface measurement that has a dynamic
range of the photon counts reasonable for instrument
detection. The geometry as is approached by having the
photon source deep in the center of the spherical tissue
domain also differs from the common reflectance con-
figuration upon a semi-infinite tissue geometry whereby
photons are injected into the tissue and detected from
the tissue on the same tissue-air interface. The tissue is
assumed to be optically homogeneous for simplicity. So
the tissue properties affecting spectral light propagation
including absorption coefficient and reduced scattering
coefficient are the properties averaged over a bulk volume
of tissue to manage analytical treatment. Analysis of the
problem in tissue that is optically inhomogeneous can be
done by using numerical techniques such as time-domain
finite element approach [52]. Further, cellwise or molec-
ular-size analysis of the light propagation delay caused
by scattering may not be prohibitive, but the analytical
and computational costs will be humongous and the out-
comes will have to be assembled over a bulk organism
as big as human size for health potential, whereby the
volume averaging will make the use of bulk-tissue optical
properties valid unless the sites of photogenesis need to
be spatially resolved and that does not seem to be pos-
sible without more analytical and mechanistical discover-
ies to resolve the pathways that could be both complex
and numerous. Since an optical inhomogeneity would
complicate the photon-propagation phase to increase
the frequency complexities of the point-spread function
that would effectively narrow the temporal spreading
profile, the maximal temporal delay estimated for an opti-
cally inhomogeneous tissue that can be measured by an
instrument of limited dynamic range would be less than
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that for an optically homogenous tissue having the same
global optical properties as the former. For this reason, the
analysis on optically homogeneous tissue would suffice
the need to estimate the maximal temporal spread of the
propagation of the induced PE from the site of photogen-
esis to surface site of observation.

The equation of time-resolved diffusion of a light of
UPE spectral relevancy (in the Vis—NIR spectral band) in
a highly scattering biological tissue at a specific wave-
length is as the following [53]:

VG - Ps(%)@(z,t) - D(>?1) -c% )
=- Dt q(¥%1)
(%)

where ‘f‘(},t) is the photon fluence rate (unit:
mm~2 sr~) at a spatial position ¥ and a temporal point
t, ug(%) is the absorption coefficient (unit: mm™),
D(7) = {3|ua(¥) + u.(¥)] }_1 is the diffusion coefficient
(unit: mm) with ;4;()?) being the reduced scattering coef-
ficient (unit: mm™"), c is the speed of light (unit: mm s~7)
in medium and g( 7, t) is the source or the photon den-
sity (unit: mm=3 sr7"). For a homogeneous and bound-
less medium, the equation of the Green’s function of (1)
becomes the following:

Vz@inf()?,l t, |)_()l t) - %(I\linf(%,l t, |)_()r t)
1 0@ T )

—_—_—m—m T —— _'—_', . —,
rR— =5 8(1-7) 8(t-t)

ad

where the subscript “inf” represents “infinite geometry’
or boundless medium. The @inf(}’, t'| 7, t) of Eq. (2) cor-
responds to the photon fluence rate at a spatial position
of ¥ and a temporal position of t, in response to an impul-
sive source stimulation of unitary intensity that occurs at
a spatial position 7’ and a temporal point t’. The tempo-
ral profile of ¥,¢(7,t'| 7, t) is thus the temporal impulse
response of the tissue medium, which when convolved
with the temporal profile of any source produces the com-
posite temporal response of the medium to that actual
source.

Since photon diffusion through the biological system
has to be causal, we must have ‘f‘()?’, t'|7.t) =0fort < t’
for a previously source-less medium. For a medium that
has a steady-state baseline emission of photons, any
change in the photon emission from the steady-state
baseline has to be causal as well. We thus use ‘f’(;’f’, 0l7.t)
to represent the photon fluence rate at a timet > 0 in
response to a source injected (or appearing) att’ = 0, by
normalizing the initial condition to @(;}",Ol;?, t) |t_0 =0

without losing the generality.
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An organism under exogenous stress that emits
induced PE photons for acquisition at the surface of
the organism is illustrated schematically in Fig. 2. The
organism or biological tissue for the model purpose is
simplified as a spherical volume, which is referred to as
SOMA, of radius R,. An arbitrary photon source g (unit:
cm~3 sr) responsible for surface emission of photon is
set at (R0 0, @' ). The site for surface photodetection is
assumed to be (R,, 0, ¢).

It must be noted that the surface photon emission of
UPE spectral relevancy as a result of complex spatial exten-
sion or temporal profile of the photon production within
the tissue volume can only be developed when the pho-
ton emission in response to a single and simple source
is accurately resolved, which is the scope of this work.
The analysis that follows thus is restricted to the photon
emission at the surface site of(Ro, 0, <l>) in response to a
single source at (R o, 0', @' ). With regard to the effect
on photon fluence rate by the tissue—air boundary, the
photon fluence rate is set zero at a boundary extrapo-
lated at a distance away from the physical boundary of
tissue—the so-called extrapolated zero boundary [54]

-
~_~§~
~

Exogenous
stress

Biological

Fig.2 The acquisition of surface emission of UPE photons from a
spatially impulsive photogenic source located inside an organism is
illustrated for a spherical geometry with a radius of R,. The spatially
impulsive photogenic source of intensity g is assumed to locate at
(Rohot: 0", ¢')- Surface measurement of the photon emission occurs

q (Rphot» 6 ,l QI)*
~“source

that is shown to be accurate for boundary-value prob-
lems of photon diffusion. For any source within the tis-
sue medium, the extrapolated boundary condition intro-
duces an “image” of the source by mirroring 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 [55]where A = (1 + &) /(1 = &),
& =-1.440n"2+0.710n"" + 0.668 + 0.0636n and n is the
refractive index of the air-bounding tissue. The compos-
ite photon fluence rate at the extrapolated boundary that
results from both the physical source in the tissue medium
and the image of the physical source with respect to the
extrapolated boundary is set to zero. Subsequently, the
composite photon fluence rate at the tissue medium sur-
face, which is positive, is quantifiable by using the same
two sources as governed by the uniqueness property of
boundary value problems.

For a photogenic source g(¥’,0) located off-center at
(Rohots 0, #' ), the geometric symmetry determines that
the image of it with respect to the extrapolated boundary
must locate along the same radial direction of it. The source
g(x',0) and its image with respect to the extrapolated

~

.. Extrapolated boundary

~

Y(Ro, 0,0)

I

-~

Photo-detector

at (RO, 0, ¢). An imaginary boundary away from the physical tis-
sue-air boundary is assumed for applying the boundary condition
approximated to assess the surface emission of photons after prop-
agating with the scattering tissue medium
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boundary collectively set zero the photon fluence rate (as
well as its LT) on the extrapolated boundary represented by
Q:

P(7,017,t) = Copor

=/ -
ext(;{,Ol){,t)

(7.,017,t) =0, for

Qimag

+ ‘Pphot ¥ EQ

ext

3 Approximated solution
of the time-resolved photon fluence
rate of spectral relevancy to induced PE
at the surface of a large spherical tissue
volume in response to an interior source

The Laplace transform (LT) of Eq. (2) with respect to t when
t' = Oleads to the following:

& (== S+ UL~ L
V2 (7,011.5) - Dl;a Wine(7',017,5)

1 L, (4)
__5.5(){_ )

4

The solution of Eq. (4), ‘/I\‘inf(;?’, 0|y, s) is the “free-space’
solution in the frequency domain as associated with a
source-detector pair in a homogeneous medium of infinite
geometry. The solution to Eq. (4) when expressed with the
use of spherical harmonics is [55]:

o0

(A5 Z [in(Aggr<) - k()]

1=0

‘/I\‘inf(?/lob?ls) =

ol

)

M\

Vi (6 8') - Yin 6, )]

—I

3
Il

where i; and k; are, respectively, the /th-order modified
spherical Bessel function of the first and the second kinds,
r.andr, are, respectively, the smaller and greater radial
coordinates of the source and the detector or the field
position, Y}, is the spherical harmonics function, and 2%,
is defined as:

. Ho | s 1
#fo=\/5“+§=v5+ﬂaf—D (6)
VvV UcC

Note that the ¥, ((7,0/7,5) of Eq. (5) can also be
expressed in a much simpler form in spherical coordinates,
which is the commonly presented solution of equation of

Eq. (4), as
(I}inf()?,lmﬂ?rs)

_ 1 B T - -y @
_4ﬂD—|}?_?|exp< \/s+,uac—\/_|)( )(|>
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The inverse LT of Eq. (7) can be found according to a LT

pair [56] of t=3/2 exp (—a/4t) il 2\/;<1 /\/E) exp (—\/E)

the frequency-shifting property of LT and the time delay
or phase-shifting properties of LT. Thus, the time-resolved
photon fluence rate in a homogeneous boundless medium
which is the inverse LT of ¥, ¢( 7/, 0| 7, 5) is obtained as [56]

o~ - - 1
lPinf()(,'OU(rt) = <

= ——————— - exp |—p,ct
(4r)3? [Dct]?? | ]

(8)

Based on Eq. (8), the LT of the photon fluence rate
associated with the photogenic source 6](;?’,0) and
evaluated on the extrapolated boundary, for which the
source locates atr_ = Ry, and the field point locates at
r, =Ry + Ry, is

A

¥

(ﬁ:ff)

(i[5 - (Ronot)| - kil iz (Ro + Ro) ] }

Y Y (00) - Vim0, 9]

m=—/

ol-

phot ext(}?/' 0|)?,S) =

M

Iy
o

&)

where the notation ",eﬁ|right” indicates that the evaluation

”

is associated with the “left”as the source and on the “right
as the field position. Note that any /th order (or moment)
of the photogenic source §(¢’,0) has the same unitary
intensity. Similarly, the LT of the photon fluence rate asso-
ciated with the image of the photogenic source and evalu-
ated on the extrapolated zero boundary, for which the
source now locates at a radial position of a to-be-deter-
mined r, and the detector locatesatr_ = R, + Ry, is

Qimag
phot

(ﬁéff)

a; - {inags - (Ro+Ry)] - kiaZgrs] }
/

Y (0.4) Vim0, )]

m=—|

o=

-/ - _
7015) -

Ms

Iy
o

(10)

where the g} terms are dependent upon the order (or
moment) /. Based on the essence of “image-source” [55,
56], the two unknown terms q/* and r, associated with the
Ith-order (or moment) “image” source (the k; component)
can be expressed by a single unknown term g, associated
with the same order (or moment) of the actual photogenic
source §(7',0) located within the tissue at (Ryyo., 0, ¢')
(the i component), as the following:
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a; - ki[ars] = ar i [ (Ronor)] (11

Applying Egs. (9)-(11) to the condition of extrapolated
zero boundary defined by Eq. (3) leads to

ki [AS (Ro"‘Rb)]
in[ % (Ro + Ry)]

Now for the LT of photon fluence rate associated with
the photogenic source at (Rphot, ¢, ¢'), but evaluated at a
field point between the body boundary and the extrapo-
lated zero boundary, the source still locates at r_ = Ry
but the detector or the field point locates atr, = R, + Ar,
where Ar € [0,R,] (a field point on the body boundary
simply corresponds tor, = Ryor Ar = 0). For the LT of the
photon fluence rate associated with the image of the pho-
togenic source and also evaluated at a field point between
the body boundary and the extrapolated zero boundary,
the field point now locates atr_ = R, + Ar and the source
terms are known through Egs. (10) and (11). Collectively,
the composite LT of the photon fluence rate originating
from a photogenic source at (R, 6, ¢’) and sensed by a
detector or field point at(RO + Ar, 0, d)) between the body
boundary and the extrapolated boundary becomes:

g =—- 1=0,1,2,... (12)

A ‘I - -
\PSOMA( 0l7,s ) X_X;I)hot

)

1
e
477.'D |X Xp( eff

[A5(Ro + Ar)] K Ny [/‘eﬁ( +R,)|

K/+1/2 [ﬁiﬁ(RO +a4r )] I/+1/2 [/‘eﬁ(RO + Rb)] (14

/+/

where I,+% and K,+% are, respectively, the (I + %)th—order

modified Bessel function of the first and the second kinds.
This work considers an organism of the size of a human as
that will produce much longer delay of photons measured
at the surface in comparison with a small organism like a
cell or tumor, for the purpose of assessing the upper limit
of the temporal spread of photons of UPE spectral rele-
vancy that can be caused by tissue scattering alone. If the
temporal spread of the photon in this large SOMA is sub-
stantially smaller than the temporal scale of the induced
PE known to the current experimental records, so is the
temporal spread of the propagation of UPE photon in any
organisms reported. For a human-sized tissue domain, it
is convenient to have an R, (i.e., 10 cm) that is substantially
greater than ten times of the magnitude of 1/i, to have
the second term in the bracket of Eq. (14) approximated
by

@SOMA(?’IOU?IS) = {I\‘phot ()?',OIJ?, 5) + ngjj ( 7',01%.5)
1
= 5 o Z’/ (A% (Ronot)| ~ ki[5 (Ro + Ar)] Z ?')Vim(0, ¢)
1 ~S - c T oAs LT As k/[ eff R0+Rb /
- — . R.+ A R LS | Y 0,
D(”eff) Z;, ir[ g (Ro + Ar) iy [ g ( phot)] /[#eff(Ro+Rb m; )Yim(0, &) (13)
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1=0 m=—|

{1 il (Ro + Ar)] ki[5 (Ro + Ro)] }

ki[5 (Ro + Ar)] i[5 (Ro + Ry )]

9,1 ¢/) Ylm(el ¢)

Equation (13) contains two parts: the “1”in the global
bracket within the summation represents the infinite-
medium contribution to the LT of the photon fluence rate
associated with the photogenic source @(;?’,0) that can
be expressed by the alternative simple form of Eq. (7); and
the other term in the bracket is the scaling of the infinite-
medium contribution to the LT of the photon fluence
rate by the image of the photogenic source 6](;?’, 0) with
respect to the former one. By using some analytics of the
modified spherical Bessel function and Eq. (12), it is pos-
sible to convert Eq. (13) to the following form [55]

/,g,z[“ (R 80)] K1 [+ o)
I+/ ['ueff(RO_'-Ar)] ! 1 ['ueff(RO-'_Rb)] (15)

oo 21y A 1)

which will change Eg. (14) to a simple form of

1 1
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Equation (16) that is associated with the photogenic
source g(¢’,0) facilitates the condition of producing
zero composite LT of the photon fluence rate at the
extrapolated zero boundary whereupon Ar = R,. Equa-
tion (16) also determines that the LT of the photon flu-
ence rate associated with the photogenic source §( 7’,0)
decreases monotonically away from the body boundary
up to the extrapolated zero boundary, which is intui-
tively sound. Similar patterns hold for the photon flu-
ence rate, since LT is a linear transformation. It can be
demonstrated that Eq. (16) also applies to a source at
the center of a spherical tissue domain that is signifi-
cantly greater than the reduced scattering pathlength.

By using Eq. (7), Eq. (16) evolves to the following:

of 20 cm or 40 cm in diameter. The 40 cm diameter is not
arbitrary, as it is comparable to the cross-sectional size of
an adult human. The refractive index of the tissue is set as
1.40 which will reduce the speed of light in tissue to be
2.14x 107'° cm s~ Because tissue absorption does not
contribute to the temporal spread, an absorption coeffi-
cient of u, = 0.1 cm~'that is representative of a bulk bio-
logical tissue at the Vis-NIR band [57] is assigned to the
homogeneous tissue domain. The reduced scattering coef-
ficient of the tissue is set at three values: 10 cm™', 100 cm™
and 500 cm™'. Among these three values of the reduced
scattering coefficient, 10 cm™! can be easily found for a
biological tissue [57], but 500 cm™" may be too strong to
be associated with any biological tissues [58]. The tempo-

o ey ] 1 exp _ﬁszx_xrghot)
TSOMA()(IOUKIS)—M—D_, = s 3
X%, | -oxp <_'ueff X=X, +2(R,— Ar)]>
: (7)
s s
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4zD v - - 2 lx =X -
x-%., exp ( \/s+yac\/a[x K| +2(Ro = 21)|)

L

And implementation of Eq. (8) with Eq. (17) leads to the
time-resolved photon fluence rate measured at the sur-
face of a spherical tissue domain whose size is significantly
greater than the reduced scattering pathlength of the
tissue in response to a spatially and temporally impulse
photon source of unitary intensity within the tissue as the
following:

C 1

= ——————— - exp |—p,ct
(47)*/? [Dct])?/? | ]

)-en{-

lfISOMA()?/roU?ft)

/

1 - -
(ool

ral spread caused by an extremely strong reduced scatter-
ing coefficient of 500 cm™' will thus safely set the upper
limit of the temporal spread that cannot be surpassed by
the photon diffusion process, when UPE photons have to
traverse from a site of photogenesis within the tissue to a
surface site of measurement.

The temporal spread function of Eq. (18) evaluated for

1

v v/
4Dct HX Xphot

+2(R, —Ar)]2}>

Equation (18) is the temporal point-spread function or
temporal impulse response of the spherical tissue medium
for the evaluation of surface emission of time-resolved
photons originating from the center of the spherical tis-
sue domain.

Estimation of the temporal spread of light
of spectral relevancy to induced PE

in a spherical tissue volume of up to 40 cm
in diameter due to photon diffusion

Equation (18) is implemented to assess the temporal
spread of a light impulse of UPE spectral relevancy, after
experiencing diffusion in a highly scattering tissue domain
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the aforementioned sizes of the spherical tissue domains
and values of reduced scattering coefficient is displayed in
Fig. 3, after normalizing to the peak value of each. The (A)
and (B) correspond to a tissue size of aradius of 10cmora
diameter of 20 cm. The (C) and (D) refer to the tissue size of
aradius of 20 cm or a diameter of 40 cm. The time-resolved
photon fluence rate being the ordinate is displayed at a
linear scale in (A) and (C), and a logarithmic scale in (B)
and (D). The range of the ordinates representing the pho-
ton fluence rate (equivalently the photon count) in (B) and
(D) is limited to ten orders of magnitude, which, however,
well exceeds the experimental dynamic ranges (six orders
of magnitude would be very common for a configuration
with a fixed setting on gain or exposure time) of detecting
induced PE [40]. Figure 3 demonstrates that, as photons of
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Fig.3 Temporal spread of the photon fluence rate measured at the
surface of a spherical tissue domain with an absorption coefficient
of u, = 0.1 cm~"and at a reduced scattering coefficient of, respec-
tively, [10, 100, 500] cm™, in response to a spatially and temporally
impulsive source at the center of the spherical tissue domain. a
Photon count (relative) at linear scale for a tissue volume of 10 cm

UPE spectral relevancy diffuse in tissue over a line-of-sight
distance of 20 cm that is comparable to the distance from
the cross-sectional center of a human-size tissue to the
cross-sectional edge, an extremely high values of tissue
reduced scattering coefficient of 500 cm™' that is about
50 times stronger than the reduced scattering coefficient
of typical soft biological tissues will produce a temporal
spread of less than 90 ns. The 90 ns spread equates to a
total photon pathlength of less than 20 m in tissue. It is
noted that this 90 ns maximal temporal spread is also asso-
ciated with a dynamic range of ten orders of magnitude
that is approximately four orders of magnitude greater
than the instrument responses typical to the detection
of induced PE. It can thus be projected that any photon

10

Photon count (A.U.)

(D) Time (10 sec)

in radius or 20 cm in diameter, b photon count (relative) at logarith-
mic scale for a tissue volume of 10 ¢cm in radius or 20 cm in diam-
eter, ¢ photon count (relative) at linear scale for a tissue volume of
20 cm in radius or 40 cm in diameter, d photon count (relative) at
logarithmic scale for a tissue volume of 20 cm in radius or 40 cm in
diameter

emission of induced PE from organisms that has a delay
time longer than 100 ns after the removal of the exog-
enous stress cannot be accounted for by only the temporal
broadening of the photon pack due to tissue scattering.
A slower phase of producing the photons then has to
exist to make the elevation of the UPE above the baseline
level of spontaneous emission to appear at a time much
later than the delay caused by the tissue scattering, and
a longer phase of producing the photons also has to be
available for the induced PE to decay over a duration that
is many orders of magnitude longer than the timescales
of temporal broadening by tissue scattering.
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5 Discussion

What this two-part work attempts to address is the need
to consider both the delay scale and decay kinetics as the
temporal characteristics of induced PE, in interpreting the
temporal course of induced PE to facilitate mechanistic
discovery and practical application. There are many obser-
vations indicating that the induced PE arises and exists
long after the removal of the stress; therefore, analyzing
the temporal course of induced PE with respect to the con-
trollable stress is not merely an issue of the decay kinetics.
Analyzing the temporal course of induced PE with respect
to the controllable stress must not neglect the temporal
delay between the moment of stress change and the
moment of change of the surface PE. That delay or retarda-
tion may be caused by many factors, but it will contain the
time it takes for the stress change to trigger the change of
photogenesis, and the time it takes for the change in the
photon production resulted from the perturbation to pho-
togenesis to “propagate” to the surface to appear as the
change in the surface-assessed photon count. The soliton
mechanism may help account for the primary cause of a
long temporal decay by sustaining the excited molecular
states without transitioning to cause photogenesis. The
soliton mechanism at present seems to be the most prob-
able one to provide stable transport of charges in biologi-
cal systems which do not dissipate their energy and can
decay with photon yield only at special conditions. The
soliton mechanism could dictate the stress-transfer phase
at some conditions or for some organisms or tissues but is
unlikely to be the only one contributing to the quantum
yield of the delayed PE in responding to stress of all vari-
eties and revealing temporal patterns of all kinds. Even
for that responding to stress of only light nature, multi-
ple sources of induced PE have been manifested by the
complex time trends of the decaying patterns that were
subjected to approximation by hyperbolic like multi-expo-
nential patterns [40].

Assessing the scattering-limited delay or lifetime of
photons detected as induced PE may be particularly
important to the exploration of the cause of entopic phe-
nomena such as phosphene which became historically
notable as “light flashes” experienced during translunar
flight [59] and has been reported from patients with can-
cer undergoing radiation therapy [60]. The light sensations
of sometimes “bluish flashes” were likely a result of direct
activation of retinal photoreceptors or visual pathway
neurons by ionizing radiation [61]. Should the radiation-
induced free radicals near retinal photoreceptors cause
lipid peroxidation, chemiluminescence leading to the crea-
tion of bioluminescent photons would then be possible
[60]. An alternative hypothesis has been suggested that
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the phosphenes may in part result from direct Cherenkov
light production in the vitreous humor or retina of the
eye which seems to be supported by recent experimen-
tal measurements [60]. Whichever the cause of the phos-
phene is, time-resolved measurements are necessary to
resolve the temporal transduction processes between an
external stimulation and the objective production or the
subjective perception of the induced photons giving the
“flash” sensation. Tissue scattering-limited photon lifetime
will then be a parameter affecting the time resolution of
the measurement at a human scale in acquiring fast events
such as radiation-induced light sensation, of which the
kinetic pattern remains outstanding and which may offer
the insights to the underpinning stress-transfer pathway
of induced PE that is not amenable to slow measurements.

The shortest delay time after removing the stress as
reported for induced PE was 8.5 us in responding to the
removal of photic stimulation [39], whereas the longest
delay time measured of induced PE after the removal
of stress was at the order of hours in response to non-
photic stress [45]. An 8.5 us delay of continuous light
presence in tissue of a refractive index of 1.4 corre-
sponds to a total photon pathlength of 1.82 x 10* m—a
dimension that is three orders of magnitude greater than
the height of an adult human. Even scaling the short-
est UPE delay one order smaller to compensate for the
possible afterglow of the photo-stimulation instrument
when turned off, a 0.85 us delay of continuous light pres-
ence in tissue still means a total photon pathlength of
1.82 x 102 m in the tissue, which is at least 1000 times
greater than the size of many organisms from which the
induced PE was acquired. Unless there are mechanisms
that delay the generation of the photons (e.g., the initia-
tion of the presence of elevated number of photons in
tissue) emitted as induced PE after turning off each spe-
cific external stress, it would be difficult to imagine that
the observed large range of the delay time of induced
PE is caused entirely by the large pathlength (or equiva-
lently the long lifetime) of the UPE photons in the tissue
after being generated, unless the biophotons may trig-
ger secondary photon emission of similar characteristics.
UPE photon is in the Vis-NIR spectral range that is rela-
tively transparent to biological tissue. When a photon of
Vis—NIR spectral band with low intensity appears in the
tissue by either external injection or local production,
the photon will have to propagate in tissue and experi-
ence scattering and absorbing events that collectively
will attenuate the light intensity and diffuse the photon
path. For time-resolved PE photon propagation or tis-
sue transmission of the PE photon originating from a
photon source that has a finite lifetime, the tissue scat-
tering will also broaden the PE temporal profile because
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of the mixing of ballistic photons with photons that have
experienced different amounts of scattering events. It
is therefore intuitive to compare the maximal temporal
spread of photons that can be accounted for by tissue
scattering when responding to an instantaneous pho-
ton production, against the shortest temporal delay of
induced PE that has been experimentally observed. This
comparison would help identify whether a photogenic
mechanism preceding and much longer in lifetime than
the lifetime of photon propagation in tissue is impera-
tive to interpreting the very wide range of the temporal
delays of induced PE measured on the tissue surface.

Analysis of time-resolved photon diffusion in an
extremely scattering tissue over a domain as large as
the cross section of human (40 cm in diameter) reveals
that scattering-caused temporal spread or broadening
of the photon pack when detected at the organism or
tissue surface will not be broader or appear later than
100 ns. Therefore, any induced PE with a delay time much
longer than 100 ns has to have a much slower process
of photogenesis to account for the delay observed. The
shortest delay time of induced PE of 8.5 us is nearly two
orders of magnitude longer than the upper limit of the
temporal spreading of photon propagation in tissue that
could be caused by tissue scattering alone. The delay
time of induced PE is the temporal spread of the pho-
tons measured on the tissue surface with respect to the
instant of stress removal. A temporal spread of photons
that is much later and longer than that can be caused
by scattering-associated photon diffusion can only be
explained by a slower and longer (if not retarded) pro-
cess of the photons being produced, since each photon
of induced PE detected at the tissue surface comes from
a source and the photons must have traversed through
the tissue to the surface from that source. This specula-
tion of the slower sourcing of the photons in responding
to a stress that have traversed through the tissue to the
surface for being detected as induced PE is conceptually
illustrated in Fig. 4. The photons emitted by any source
in tissue and reaching the site of detection at the sur-
face may diffuse in tissue over a distance much longer
than a ballistic line-of-sight path between the source
position and the detector position due to tissue scat-
tering; however, the scattering-caused temporal delay
happens at light speed. This light-speed photon diffu-
sion when associated with a slower or longer produc-
tion of the photons at the source position may be the
only way to feasibly cause the temporal profile of the
surface-detected photons to change at a later time and
over a longer duration, in the absence of any second-
ary photon-emission process that is perhaps difficult to
suggest.

In the case of slow photon sourcing, the temporal pro-
file of the photons measured at the tissue surface shall
be the convolution of the source temporal profile with
the temporal point-spread function (I\’SOMA(;'(",OU?, t) of
the photon diffusion process. When the spatially impul-
sive source at 7’ is temporary spread as is represented by
q(7'.t) =8(x')a(t),t > 0, the convolution results in the
following:

@Delay(ﬂ?,lolﬂ?lw = l/I\ISONIA()?C0|)?:l‘)®¢7()_(",l‘)

w/\

= _f lPSOMA()?,I 0ly, T)-Q](t —7)dt
(19)

When the temporally spread source at ' is also spatially
spread as represented by g(7',t) = Q(7')q(t), t > 0, the
spatial convolution will also contribute to the composite
temporal profile of the photons detected at the tissue sur-
face as the following:

@Delay(?,/mﬂ?r t) = {I\’SOMA(}?’IOU?/ t) ®q()?,r t)

oo RN
= {o@(ff’ -xz)- {O‘I‘SOMA(x,OU?,T) ~q(t —7)dz|dz (20

Equation (20) will be relevant if the spatial extent of
the entity that may source the induced PE is known—
a topic that is prohibiting at the present because of
the lack of mechanistic discoveries. This work thus has
limited the discussion of photogenesis to be spatially
impulsive to estimate the contribution of the tissue scat-
tering to the temporal profile of the photons that will be
detected at the tissue surface as induced PE. For a tem-
poral impulse response ‘/I\’SOMA(;'(",Olj, t) that is signifi-
cantly faster (i.e., 100 times faster) than the temporal pro-
file of the source generation g( 7', t) = q(t), the temporal
impulse response Wsoua (7', 01 7, t) can be approximated
as a Dirac delta function for the convolution. And the
temporal profile of the outcome of the convolution of
any function with a Dirac delta function will be dictated
by the temporal profile of the host function. In referring
to the previous section and Fig. 3, one can find that the
temporal spread expected for photons propagating over
a line-of-sight distance of 20 cm in a tissue of extremely
high reduced scattering coefficient of 500 cm™' with a
detection dynamic range of six orders of magnitude is in
fact less than 80 ns. The shortest delay time of 8.5 us of
induced PE is > 100 times longer than the 80 ns temporal
spread that is practically the upper limit of the temporal
scale of Psoya (7,017, t). Therefore, the temporal profile
of delayed photon acquisition at delay times longer than
8.5 ps will faithfully follow the temporal profile of the
photon generation ofq(;?’, t) = q|(t). For this reason, the
analysis to be performed in the subsequent Part Il, where
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Fig.4 A slower process of sourcing the photon generation in response to an external stress is necessary for making the surface-emitted
photon to reveal a delay and the duration much longer than the time of light propagation in tissue due to the tissue scattering alone

a few stress-transfer pathways are modeled from a sys-
tem perspective to project the decay patterns observed
for induced PE, will be restricted to the kinetics of pho-
togenesis of g( 7', t) = q(t).

6 Conclusion

Induced PE is usually substantially retarded in occurrence
or longer in duration with respect to the stress. This work
concerns that the surface emission of induced PE would
involve light propagation in tissue whereby tissue scatter-
ing will set the minimal delay of the surface appearance of
the photons of induced PE. This appreciation is pertinent
to identifying the dominating temporal course of stress-
induced PE from organism following stress of various types
including but not limited to light. It is proposed that the
surface emission of induced PE involves two causally
sequential phases: a stress-transfer phase that transforms
the stress to perturb photogenesis balanced at homeo-
stasis and a photon-propagation phase that transmits the
photons from the domain of perturbed photogenesis to
surface emission. The traversing of induced PE photons
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from wherever the domains of photogenesis perturba-
tion are in the organism following the stress to the surface
must involve photon propagation of which the scattering
will affect the photon lifetime. This Part | has theorized the
maximal temporal delay of surface-emitted induced PE,
with respect to the onset of photogenesis that is assumed
to locate at the center of a spherical tissue volume of com-
parable in size to a human body, due to an unrealistically
strong reduced scattering coefficient for assessing the
longest possible temporal delay. Numerical implementa-
tion of the solution of time-resolved photon diffusion in
the pertinent geometry found that tissue scattering alone
will not cause more than 100 ns delay. The results suggest
a much retarded and slower perturbation to photogenesis
with respect to the time course of stress for manifesting
the surface-observed induced PE as have been reported.
The theoretical insight, which may complement the
soliton mechanism in addressing the complex temporal
characteristics of induced PE, also supports the explo-
ration of entopic phenomena such as phosphenes and
negative afterimages via delayed PE. The time course of
induced PE seems to be attributable entirely to the stress-
transfer process in the absence of secondary mechanism
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to prolong the lifetime of photons after photogenesis.
The subsequent Part Il hypothesizes a few stress-transfer
kinetic patterns feeding the photogenesis.
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