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Properties of a diffused photon-pair density wave
in a multiple-scattering medium

Yi-Hsin Chan

hien Chou, Jheng-Syong Wu, Hsiu-Fong Chang, and Hon-Fai Yau

A novel diffused photon-pair density wave (DPPDW) compesed of corralatod polarized photon pairs o
diffarent tampornl froquoncics and orthegonal linearly polarized statos is propessd. A thoory of DEFOWs
is devalopod. A DPPDW scloctad by cobarance gating and polarization gating that satisfics tha diffsion
equation has boan vorificd experimantally. Tha ssnsitivity of amplituds and pheaso datection of tha
hotorodynn signal has bean improved by the propartics of synchronized deotsction and commen-path
propagation of palarissd pair photons in & multiple-scattaring medium. Both reduccd seattaring cooffi-
ciant pa” and absarption confficiont paof tho scattoring modium in tarms of the moasurod phase and
amplituds of the hiotarcdyna signz] have bean chtained, The detection sansitivity of pa” 2nd e ond the
propertics of @ DPPDW in o multiple-scattoring medium arm discussed and analyzed. © 2006 Optical

Society of Amarica
OCIS codes:

1. Introduction

Conventionally, to image an chject in a scattering
medium, one foruses on measurement of an absorp-
tion coefficient, such as with x-ray imaging based on
the Beer—Lambert law.! This measurement results in
a blurred image in a multiple-seattering medium in
which the scattering effect 1= determined by a seat-
tering coefficient. Generally this coefficient iz ab-
sorbed into an effective ahsorption coefficient when
the absorption coefficiant 1= overcome to fit the Beer—
Lambert law. However, in a multiple-scattering me-
dium the scattering coefficient cannot be identified
quantitatively by this approach. Deply ef al 2 deval-
oped a modified Beer—Lambert law, 1.e., a direct time-
of-flight method, for estimating the optical path
length through tissue and for evaluating the optical
properties of a multiple-scattening medium success-
fully. Welch and van Gemert! and Patterson ef al.®
proposed a time-resolved reflactance measurement in
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which they used a pulsed laser to determine absorp-
tion coefficient p, and reduced scattening coefficient
" of a multiple-scattering madmm by observing the
time response of the laser pulse (4 pe). p, and p.’ can
be determined simultanscusly by local time reflec-
tance and the timing of the peak of the laser pulse's
response.

In contrast, an intensity-modulated lizht souree in
the frequency domain produces diffused photon-
density waves (DPDWs) in a multiple-scattering me-
dium. A DPDW propagates sphernically outward in a
homogeneous multiple-scattering medium m a
point source and satisfies the diffusion equation. 145
The phase delay and the attenuated demodulation
amplitude of the DPDW have been measured. 1% An
absorption coefficient and a reduced scattening coef-
ficient can be obtained gquantitatively by a DPDW.
Therefore, one can determine correctly the absorption
coefficient in the scattering medium without being
mfluenced by the scattering effect. Besides, proper-
ties of a DPD'W such as dispersion, diffraction, and
mterference have been studied 4% Promising results
have been chserved.”® Optical imaging in a clinieal
application based on a DPD'W has been demonstrated
successfully as well.”

In this paper we treat diffused photon-pair density
waves (DPPDWs), with emphasis on the cohsrence
properties of seattered polarized photon pairs (FFPs)
propagating in a multiple-scattering medium.% The
DFPDW proposed in this paper 1= generated by a
Zeaman laser. It is composed of correlated PPPs with
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Fig. 1. Pair of parallal-polasized statas (Ly, L) ganarated whan
P and 8-polarizod waves ar trmnamittod through an analyzer.

different temporal frequencies and orthogonal hin-
early polarized states. When a DPPDW propagates in
a multiple-seattering medium, the seattered PPPs,
which preserve the properties of spatial coherence
and the degree of polarization, contribute an optical
heterodyne signal It is the coherence properties of
the scattered FPPs propagating in a multiple-
scattering medium that make it possible to measure
the phase and the amplitude of a DFPDYW by using a
lock-in amplifier. In this paper the theory of the DP-
PDW iz derived. Then the properties of a DFPDW in
a multiple-scattering medinm are measured. Finally,
the theory of the DPPDW is verified and demon-
strated by experiment.

2 Theory

A pair of correlated orthogonal linearly polarized
light waves, P and S waves, at temporal frequencies
wy and wy, respectively, is produced by a Zeeman
laser. When the laser beam passes through an ana-
lyzer at a fixed azimuth angle (as shown in Fig. 1), the
laser beam becomes a pair of parallel linearly polar-
ized light waves (L, and L). The light waves are
heterodyned at the photodetector and then filtered by
a bandpass filter whose central frequency 1s set at
Aw = @y — ws Thus the heterodyne signal can be
expressed as

I{Aut)=A_Ay sin 20 cos(Awt +AD), (1)

where A, and A, denote the amplitudes of the P- and
S-polarized light waves, respectively. Auw is the beat
frequency of the pair of photons 121! and A ie the
phase difference between the parallel polarized pair
phntnns propagating in a multiple-seattering me-
dium. y denotes the optical heterodyne efficiency,
which iz characterized by Ja), a Bessel function of
the first kind of zero order. o 1= the misaligned angle
between two correlated polarized pair photons.12 In a
multiple-seattering medium, photon pairs, just like
single photons, are scattered into a distributed angle
in the medium. Therefore photon pairs scattered into
a larger scattering angle would result in a lower het-
arodyne efficiency owing to degradation of the spatial
coherence and the degree of polarization of the pair of
photons. To derive the scattered polarized pair pho-
tons, which behave as DPDYWs and satisfy the diffu-

sion equation in a multiple-scattering medium in
which the reduced seattering cosfficient is larger than
the absorption coefficient,®® the time-dependent
wave function gir, £) of EBC&D?]BFiZ-@d photon of the

photon pair is assumed

expl—

Blr, t)=go| —/——— explilkir — w]

(=1, 2), 2y

in which w; denotes the angular frequency of the jth
polarized photon, &7 and &/ are the real and the imag-
mary parts, respectively, of the wave number of the
jth polarized photon, and r is the distance between
the source and the detector in the seattering medium.
Therefore the output intensity of the optical hetero-
dyne signal of the secattered FPP becomes

TlAwt)= |§lr, £ +&ir, )]°
—kesr)
- ﬁzm%wﬂﬂwf — ad)
expl — ks 1)
=g ¥ RelexplilAut — ADI}, (3}

where g.* is the radiant energy fluence rate of the
DPPLY en

Ad = [ ) — kw) ], (4)
m w]:u.ch a phsae difference between pair photons and
k! = ks, 13 assumed. Equation (3) represents the
heterod}me slg'nal of the DPFFDW Lhat satisfiss the
diffusion equation.® Tao verify that a DFFPDW can be
convertad into a continuous wave in a multiple-
scattering medium, we replaced the Zeeman laser
with a llnesrly polarized su:lgie frequenc'y lasar such
that the conditions w, = wy, k' = B = by, and k!
=k* =k, are satisfied s].multaneously Hence the
output intensity from Eq. (3) becomes [, = q)cz[exp
(—kar)/r], which iz similar to the result given by
contmuous-wave theory in the scattering medium. It
1= also identical to the de component of the DPDW of
the diffusion equation.® Thus

El=k? = k= [Buaalpa, + pa T (5)
at zero beat frequency of the DPPDW when &, is
defined as the real part of the wave number of the
DPFPDW. Based on the DPPDW, p,’ and po.
(e pg,) are defined as the reduced scattering co-
efficient and the absorption coefficlent of a multiple-
scattering medium, respectively.

Because there are many scattering events of PFPs
in a multiple-scattering medium, the optical path of
scattered PPPs traveling in the medium is different
from the 1cal distance bater the source
and the detector. Most likely, the optical path of prop-

-
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—_

agation of the scattered FPPs in the medium forms a

banana shape in a reflection geometry.* According to

the diffusion approximation, the average optical path

length 7 of the continuous light wave traveling in a

multiple-scattering mediumi4.15 iz
3 ry 12

F {—4&| wr, )

Because two parallel-polarized photons of each pho-
ton pair behave similarly in the scattering medium, a
common path of propagation of a pair of photons in
the scattering medium 15 assumed. Therefore the av-
erage traveling distance of a photon pair becomes 7 in
Eq. (4. Thus the phase difference between two
parallel-polarized photons in the seattering medium
becomes

Ad = [klw) — kiw)] = 7

= kar, (7
Aw [ Sk, )12
ka-—{" N M‘ (8)
2r Zwe jdpa V2
[8)]

M= )

whare ky; is defined as the imaginary part of the wave
number of the DPFDW, = is the refractive index of
the scattering medium, c is the speed of light in vac-
uum, and A, 15 the wavelength of the DPPDOYW. As a
result, the phase velocity of the DFPDW becomes

_dw_cftua)’
Fae "'l'“ i)

This implies that the phase velocity of the DFPDW 1=
independent of the beat frequency m the multlple—
scattering medium. The phase velocity of the DP-
PDW 13 similar to that of a DPDW at a lower
modulation frequency, whereas the phase velocity of
the DFPDW is different from that of a DPDW at a
higher modulation frequency (w) where the phase ve-
locity of the DPDW depends on yw.t In addition, Eq.
(3) satisfies the diffusion equation at different beat
frequencies, which yields a k., of Eq. (5) that 15 effec-
tive at different beat frequencies. Consequently the
dispersion relations of both k. and k;; of the DPPDW
are different from those of the DFDW even though
the two waves are similar at low modulation fre-
quency. In addition, the DPPDW and the DPDW be-
long to the categories of optical interferometry and
aptical photometry, respectively. Thus the attenua-
tion of the measured amplitude of the optical hetero-
dyne signal from Eq. (3) is expressed by
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Proportions of different dosing groups of 4 NOACs in CGMH Mean eGFRs and the differences between three eqﬁtions in

The highest rate of on-label dosing was observed for rivaroxaban (81%), .
followed by edoxaban (67%), apixaban (65%) and dabigatran (44%). dlffe rent age a I"ld BW strata

Off-label over-dosing

2 (5% = = — a .
R - - 39,239 AF patients
=~ IV s \% MDRD =
= ® oz MDRD
All NOACs -i'y g v oD E
g £ E
11,275 a7 i > " Eow . e BW .
s = ¥ s 8 -
- o ¥
% » \ a . o § n %%.__,_,_4_.__.__ ° .
) » cG o lf= o o—e p— ’
, M .z
Dabigatran Rivaroxaban Apixaban Edoxaban m pa wbsgrtoispsmivhp sl | Bt f-IL T N .
2,068 5,135 2,589 1,483 . pow-ca_ owoen -co N i 6 .y
Over-dosing Over-dosing Over-dosing <30 st s | ses Ees T Tsm mm s e £ . s i
113 (4 150 (1 A ——— Aeegroue . o 8
ne A Ui S W oM om oM omomomomomom ooy sna s 005 w0 > K05 .
;' ws  mr ™S m1 el e s 83 s1 s " calculated by
) MDRD-CG  CKD-EPI - (G 0
W Age P ErTrTar T ra——
”(m, Mean values of oGFRs (mLmin) MM‘WWIHI

ma s WME @3 ez 8 8 @1 W0 W @7 s
o™ S W2 Bl 63 ELS BB ES G L5 B4 B3 684

Chan YH and Chao TF*, Heart Rhythm 2020 Dec;17(12):2102-2110

The Modified Diet in Renal Disease (MDRD) based
renal function estimation is automatically reported by
most laboratories in clinical practice

But not for Cockcroft-Gault (CG) formula.......

Chan YH, Chao TF et al. JACC 2020 Oct 13;76(15):1808-1810

Only patients whose dosages of NOACs were “truly on-label” based on CG were

associated with a lower risk of major bleeding compared to warfarin
EfERFERMNBINEAR BHEMERK
LIS ERYRF  RECIEN A L M &

{ MDRD vs CG__J|

aHR 0.34 (95% Cl 0.26-0.45)

p <0.001

aHR 0.57 (95%Cl 0.25-1.32)

Discordance rate of NOAC dosing
MDRD: 7.6% CKD-EPI: 6.5% 24
2.1
15
13% ® MDRD @ CKD-EPI 18
12 11% et o L B THAE MR IR
. TR (kI8 ZNOAC M4SRIE
B A ERAOBEINAEAR 1
6 5% 5% G IS AR R R L AYRRA
1% 1%
. HE ==
Dabi Riva Api Edo

P =0.190

=
1.5% . 1.53%

® Warfarin @ NOACs (D) mNOACs (C)

Chan YH and Chao TF. JACC: Asia. 2022 Feb, 2 (1) 46-58
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Predictive baseline factors for a pronounced eGFR dip
following SGLT2i treatment

of >30%

n/N (%)
/, AN
ZEBIEMRIPEE BRABEBRTRASYRAE
X 'I.a\ lll L\ 0 = decline decline OR 95%CI P value
Use of Thiazide 7611338 (1) 10/430 (2) —e— 230 [1.22-4.34] 0.010
.
'Eff E ti eG F R* 'I'I ]:E S 3 00/ }E % s ﬁt EZ ZE ﬁ % Use of MRA 384/11339 (3)  49/430 (11) ———— 201 [1.40-2.88] <001
N E o b J IE 0N Use of loop diuretics 877/11339 (8) 93/430 (22) —— 1.88 [1.41-2.50] <.001
1§ 2 ?[ %IJ I-IEIJ é RE t 'I]= -F Bﬂ 2 V. Use of insulin 1875111338 (17) 1331430 (31) —— 183 [1.48-2.27] <001
D on Stroke 585/11339 (5) 43/430 (10) —_— 1.54 [1.11-2.12] 0.009
m SG LT I] H 1 ER eG F R H ] Eb ]E’ I}Ids Female 4633/11339 (41)  219/320 (51) — 1.50 [1.23-1.81] <.001
. ———— - BMI < 25 kg/m’ 2953111339 (26)  141/430 (33) — 1.28 [1.04-1.57] 0.022
EFeiAmEY oXERERERE S, —on R i e i
- 1< 'L' HbA1c (per 1%) - - e 1.06 [1.01-1.12] 0.025
Use of ACE/ARB/ARNI 6931/11339 (61)  293/430 (68) e 1.14 [0.92-1.42] 0.222
High-dose SGLT2i 5755111339 (51)  228/430 (53) -1 110 [0.91-1.32] 0.349
eGFR <60 ml/min/1.73 m” 145211339 (13)  86/430 (20) —— 1.06 [0.82-1.37] 0.675
The mean eGFR remained stable from 6 months onward in all eGFR decline Use of TZD OIS0 24 101130 (23) 1 106 [0.84-1.33] 0.619
. . . . a Heart rate (per 10 BPM) - - 1o 1.06 [0.99-1.14] 0.089
categories as well as in the subset with a pronounce eGFR dip of >30% SBP (per 10mmHg) : - . 1.04 [1.00-1.09] 0.071
Gout 1152/11339 (10)  42/430 (10) — 1.02 [0.74-1.40] 0.920
Congestive heart failure 520/11339 (5) 39/430(9) ——eo—— 0.85 [0.58-1.26] 0.430
2 Use of metformin 10171111339 (90)  358/430 (83) —e— 0.80 [0.61-1.05] 0.107
SGLT2i users i Use of statin 6835111339 (60)  250/430 (58)  —e— 0.81 [0.67-0.98] 0.031
(n=11,769) A B . . .
2
€GFR decline f 05 10 20 40
e - ,No eGFR decline (37.1%) Lower risk Higher risk
neAM o oo ! Chan YH Chao TF et al., Diabetes Obes Metab. 2021 Sep;23(9):2077-2089.
eGFR decline  3.7%
2030% - DEddiks @
n=s99 R £° The Association of Background Medications on Initial eGFR Change CJASN
g , 3
g —Nocsmdecine & | (>30% dip) in Diabetic Patients Receiving SGLT2 Inhibitor
eGFR decline E % —eGFRdecline 0-10%
10-20% 20.2% = o ~eGFR decline 10-20% <
n=2376 % eGFR decline 20-30% (8.5%) e iy Ez - nwith event/N analyzed HR  95% CI
H —eGFRdecline>30%  F Empagliflozin vs. Dapaglifiozin 92/4008  86/4008 —fe— 107 [0.80-143]
e E{_; SGLT2i high dose vs. low dose 117/4378 97/4378 T 1.22 [0.93-1.60]
i Cardiovascular drug
& RAS inhibitor (+) vs. (-) 48/2073  39/2073 — 117 [0.77-1.79]
€GFR decline % L Calcium channel blocker {+) vs. (-) 71/1695  68/1695 e 0.94 [0.66-1.33]
P=0.516 Thiazide diuretics (+) vs. (-) B3/1764  50/1764 —_—— 1.69 [1.19-2.40]
s7 eGFR decline > 30% (4.3%) Loop diuretics (+) vs.(-) 57/708  35/708 —_—— 1.65 [1.08-2.51]
s ticoid receptor antagonist (+) vs. () 28/334 17/334 R 159 [0.87-2.91]
s0 Beta blocker (+) vs. () 69/2370  67/2370 N T 103 [0.74-1.44]
Baseline F/U 24 wks 48 wks 72 wks. 96 wks 120 wks s Vasodilator (+) vs. (-) 27/628 26/628 —_— 1.06 [0.62-1.81]
Groupl 4371 4371 2973 2570 2047 1579 945 ) Rt NSAIDs (+) vs. (-) 30/1118 28/1118 — . — 1.08 [0.65-1.82]
Group2 3593 3593 2488 2128 1743 1286 711 leu:l Lipid-lowering drug
Group3 2376 2376 1662 1363 1064 790 396 = Group 3 Statin (+) vs. ) 732771 732 — 097 [0.70-134)
o4, eh o0 o S s e 5 nGroe 4 s ﬂFe:ohhmlelﬂvs.l—) 38/1043  19/1043 I 6L 188 [1.08-3.26]
-lowering drug
Groups: 480, 490 309 a L s L Xanthine oxidase inhibitor (+) vs. (-) 15/264  15/264 - 103 [0.51-2.11)
Uricosuric agent (+) vs. (-) 26/466  18/466 e 138 [0.76-252]
Anti-diabetic drug
s 3 4 i Metformin (+) vs. () 20/827 38/827 — 052 [0.30-0.89]
Chan YH, Chao TF et al., Diabetes Obes Metab. 2021 Sep;23(9):2077-2089. Sulfonyurea (+) vs. () 77/2908  64/2908 ——— 123 [088-1.72)
Glinide (+) vs. {-) 12/332 6332 . 188 [0.70-5.01]
Insulin (+) vs. () 67/1656  43/1656 R 164 [1.12-2.41]
TZD (+) vs. [-) 62/2537  52/2537 e 119 [0.82-1.72]
Acarbose (+) vs. () 65/2204  58/2204 —t 1.17 [0.82-1.67]
0.25 0.50 1.00 2.00 4.00

Lower risk Higher risk

Chan YH*, Chao TF* et al., Clin } Am Soc Nephrol. 2023 Mar 31;18(7):858-68.
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AURICULAR FIBRILLATION: A COMMON
CLINICAL CONDITION.*

By THONMAS LEWIS, MD.Losp, D.Sc.Wazns,
(Froms the Rescarch hhonuﬂnd Unlversity Collage Medlcal Bebool.)
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Nobel Prize in Chemistry in 2014 O/JM ; "Chemistry was
"for the development of super- 3 always my weakest
resolved fluorescence microscopy” ey subject in high
and Wil . Moerner school and college.”

Eric Betzig
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Stefan W. Hell Eric Betzig WiIIia ' Moerner
1962- 1960- 1953-
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