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Abstract

Photoplethysmography (PPG) is a noninvasive technique widely used for monitoring physiological
parameters such as heart rate and blood oxygen saturation. However, the signal generation mech-
anism of PPG remains incompletely understood. Existing models—including the blood volume
model, red blood cell model, and the recently proposed vascular wall model—fail to comprehen-
sively explain PPG signal variations observed across different anatomical sites and measurement
conditions. To address this, we propose and validate a comprehensive optical model that integrates
the effects of blood volume, red blood cells, and vascular wall dynamics, providing a more complete
explanation of PPG signal generation. To validate the model, we developed a custom multi-spectral
PPG acquisition platform and collected signals from the distal and middle phalanges of the leftindex
fingers of 20 healthy participants. Experimental results demonstrate significant differences in the
pulsatile components of PPG signals across anatomical sites and spectral channels. A quantitative
analysis of the contributions of each factor in the model confirms its validity and generalizability in
explaining these variations. This comprehensive model enhances the understanding of PPG signal
generation across various anatomical regions and provides a stronger theoretical foundation for
improving physiological parameter monitoring.
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1. 531§

PPG & —F iz B A T I AR 2 W7 A0 0 (1 e 2R, e s A A 5 U K R B PE 4 b R S B
SFF ST 5 BB R] 1) A2 Ak, PPG REARIHE 5 L VRIE R AH DG I R [1] . /R PPG HAR Ok 2 R, (HHAE
S RMLE ARG 2 A e . EidRLTH4E, PPG S HREEZE AR FHAGMAEA . AR
7 (Blood Volume Model, BVM)FIZ 4117 (Red Blood Cell Model, RBCM). BVM 15 ¥ 5 ik 1fil 25 £ 16
JARAVES SR T B e R E, TS| PPG 15 5 HIE 2], #HLLZ T, RBCM 3aiHZL40 iu(Red
Blood Cells, RBC)7EAN [FARZS R X G SCRIEUR F TR, IO EAEGos AR b i 2O E F [3] . 1E4F
K, WEFEN R T I BEROR (Vascular Wall Model, VWM), A sl ik b 77 HZ I 4 5 &7 ok o
SEOE AL, 1E PPG 155 I R & 35 B (4]

S PRI A [F] A FERRRE T PPG 55 BUAEROLI, AR B A0 e PR A 3 M DA 4 THI R 70X —
HRRE . TEAFEH AL AT, PPG (E 5 MFHEEAGFAERE ER, XiEE—BME T B
BAE . B, BVM MELMERLICRIIN PPG (55, FUONSGEFBIREA M, @ Lik2A 30
BIK[5]. 7E (0 F BE a8 B X8, PPG 15 5 4L sl = Z KT RBCM I 5THR[6] [7].
FEBAMAT XK, KE2EL i A i ffhlit, RBCM BIET R3S, T VWM 43 5 A4 B Sk
FIRETE K. MEF BB KRR I XAk, (755 0 & IR PPG {55 RIs2mA (5 3 S AL, Fik BVM
[IVE AT R BE I 2%
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OB AT S PPG 55 IURRACSKIR, 7EOBEd B, Rk E4 g, kA=
A CLH FRARAS 1R R DL K I A BE R IE B AL [R50 PPG (55 AR RR[8] . SR, TEAS [ At S Ar A e i
FAFR, XLEF X PPG {55 [ARXS DTBRAEE 2 3 22 57 « DU HIBI 72 2 4 vp T B — B R B0y s M =30
R Z 5 2 M RO AR SR G T FE[9]. NP IR P — AR R R R, T — PR RN 4 A A &, 40
YA M RESS 2 AR R ISR & e A, DU A AERE PPG {55 1A LFI[10]. IXFPLEE 74
A BT IR PPG {55 4 BB 1 FRAR, I8 REIG S AR FIAREI 00T D6 251 F0 B 3% 55 w3
P

AP FE AR — M A IR =P R SR ok A, JEIE I F e e T SE IR I A AL
PEFIIE R FRATREE T 78 F & fam 1A b 548 15 KEEE A FDG S 244 T 1 PPG 55, IF4rir TR AL
HAREXHE SR DT . IR S5 AR, LR G BRAL RE NS TEAER AR RE PPG 15 5 2B L], IR
BOREEEN: . i ARSI AN EE T PPG (5 5 AR IR LAY, I8 PPG H AR AE A B I I A1
B d7 R FH SRS 32— 0 R AR AL TR A 7
2. EFHEEEAE

AT FEHE I 25 B AR B B T B - PR, e IR T ORAE R A i P i ki 72, 2 PPG
BOR MBS IR . ARYE B - LOREHE, B R BUR G | W RN NSGIREE |« TR B e - Tk
PR EE C RDGEECRE L ek AR [11]

I =1,-e°" (1)

TEMLA BRI, Bk i 7258 5 AR AR AR S A R R e S BSOS SR s BE (1 E LR 3R . Rl R R
R FERFEAAR, O EW s 22 S B E SN, AT LR . ' 538 i) i 25 5 22 18] (1) AH B
PR AT AR G B BE L BEISIR] t IR HOREB R N L+AL() o BRREDEIE Rk B, Bl Es e
T[] t 322USCR 1 ) 5 B Tl DURAS IE R BAAR - PR e kR AR [11] [12]:

I (t) _ IO .e—g-c-(L+AL(t))+G 4 n(t) (2)

Ht, G R5EFABEHARIRE, n(t) ol 2R . X TR ERRUNEL AL(T),
eI pibuE S UIESIS IR PVSR

N N R N (3) @)
bii e AN RS ACIEC
I(t)~ 1,6 (1-&-c-AL(t)) )
TEOHERT RN BL, BRI B ART,  EEAE BES A I 2 A HE5R (1 a0 ) T RN N
liasiore = 1o eTree ®)

RIE,  FHXTEF 5K DGR AR 1L Al () TR A

Al (t) ~ ||0 .geCL+G -(1—8 ~C'AL(t))— |0 g ecL+G (6)
[GEEAEESEIR
Al (t) ~ Idiastole '8~C-AL(t) (7)
ST LA NI AR T P DEIRAE L A (t) ROVERME, JFBIE AL (1) S04 38 5 500K %
HVEERR Tk
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FELLAMIRE R S, St RBC MIAREAR I RE 2. RBC KGR AT B % A E B R (SR ER . 7r
it EEROE AN AR ) I R A AR AN, NI SR LN Y MR R e (R AR S R, B UK A
SCBR A RPN, X UE/E B R 2 S8 RBC KGRI R B e BN e+ As(t) o BT A5

AL() & lyagire - L-C- A& (1) ®)

diastole

NA(8)F W, 7E RBCM HESL T, JUIREE MM ARl T B TR R B As (t) 781K, %ML 2 RBC
FOSREE . EOBTE MR T A AR B R S . X e R AT 20 9 [13] [14]:

Ag(t)=w -R(t)+w, A(t)+w,-D(t) )
Hrpr, R(t). A(t). D(t) %= RBC EHE . RE. MEMBILILEL, w . w, flw, FRX LR

FRIRH S A FR
FEME BER R o, U g @ IR B RBEE . i, i TE0em @A IR, eIikRE )
Wik, HAT LS ENEk By & & B E PRIV SUR AEAR EAE R o 24005 ¥ J) S 1 30 5| A 3 ik 25 e
JEIZRART, Bhibk ET7 R e S S AR B o 2 U REXS T HAUR N, ot
JR (2L A0 ) P33R BE A C B C + AC(t) o FERGIIFEH, WG A e S R BRI e K B T 0y
fHE[15]. HEFX—i, JasRAE Ik Al (t) iIFRE AT AU Sy
AL(t) = Lo - L€ AC(t) (10)

diastole

Sebr b, FEAE PPG BRI, b = MR [R5 A5 F LU PPG {5 5 (R, I

X D iR PR A ) P RS T P T o B BEIX LS PR 2R R RO AR BN, L 2 e B, T LA 0 R )23
BRI RORHR 6 3 BE (R A2k -

AL(t) ® Lo [ £-C-AL(t)+ L-C-Ag(t)+ L-£-Ac(t)] (11)

1ZF#EXIET BVM. RBCM 1 VWM BRIk B 00, #6587 PPG 15 558 & ARk e BE Y &
£ WU 2R BRI 6 o R R AR AT e AR o 3 3 [ B 2% R I 25 B 0 AR Ak o 20 20 R e e DL R ot 5 e
K25, ZARIN PPG 5 AE I E WAL T — N8 — BB HESL,

3. KW SHE

Figure 1. Multispectral image acquisition platform
L SHEHEREFE
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WK 1 FiR, PPG 155 R&ETF 6 HZ G HHHL(IAI AD-130GE). /&4 #5445 3 (Qioptig LINOS MeVis-
C 1.6/25) LA 2 OSRAM i it i 2GR . DGIR MO0 G 78 75 350~1000 nm, J6Th# N 35 W, JfH
B AR E RS, MWTFHa L7 S0RsE IR EE, T4y 50 cm x 50 cm (35 IR IX 4. SGiE 158
JE R DU A T S AR R Ik 3 1163 1 S {5 5 s, el AN Sk i e 2% 7 A HLIEAS 1)
eV R o 2ot AR NS S BdE e FOERE RN, T R I S DR AT W38 T (R RS -
FFUCRAERFS: 30 72, WU A 18 WU/FD, Wisr5 N 1296 x 966 153 . SLIRIE A= Hl B 4414 F
BT, SEOG R EYERETE 20°C~25°C, AHXTIRE FRAFTE 40%~50%, AR F S50 £t it Fase M

AT A F BRI TR A TR AR AN G, JHEEE T 20 A @R (10 4 5, 10 44
P, RGN 21 2 30 ). AR RN — SR SIS SRR TR, T R A R AT Y
TR R 10 08, DIRRE O LMPFUIRA . LI, SEEWERE TR H AR T T—5k A4 A48
o, FARELE RSN E . RAAN], EIEH T ORIFRE MNP, R Sk e A0 B F-Hi23),
DA KRR LI IS B D s AHE S = I TP 5250 R 2 6 REAR AL RID 1 S 21 A 6 A A] WL i A
s, RUCKAERFS: 30 #b. TEMUACRAESERUE , TEARIRI B0 N AoMATE— M T 4REE, FERRERL IE
SR, T3 BRI VLA A2, BT I RIBE (S S IS LU, LR AR NS 22 HT

1E 5 SRR ACFRIR AT of A T 38 A 1548 1 R i HE 540 24 AT B 100 MR R [X 15 (Region
of Interest, ROI), %> ROI 4 10 x 10 8 & . HL, ¥4 ROI MG RE S B4 B0 N ROI (1)
PG R, LLESOtERIE, B A MR, b5, @idx 2B IR RO K Ei
ATIE R F 20T, SO RRBE T (A AR RIS S, A RO LI R o

N IREE SR, RSB RN E S AT WAL Hoh, AN T
B AT P, T2 SRS A AR E U T PR AR R R . S USSR P R 0 BV B Ik o g
T A R VAE RN AR, o T3 Ao b A PR s E A 00 81 P B K AT B /N it o AL ) T3 i U EL
iy & (Direct Current, DC), J BLAS € G IRIE LR s VAR 5 258 2 18] 1)~ 38 22 2 O AE L 4) 2 (Alternating
Current, AC), REEMKNE T B AZBAIESE . W& 2 fros, &4 52 RE Wi A8 &i@id 100 4 ROI
FPEEME T AR, ENRA BN I RS

A ppG waveform

l DC: steady component

time

Figure 2. Pulsatile component (AC) and steady component (DC) in PPG waveforms

2. PPG 2 Hh RO R 3 B (AC) 512 E 57 8(DC)

4. SEEER

K 3 JRIR TAEIEZLAh, ZLERZREOERRNEIE T, M 20 445238 F B0 T B FiR 7 05 19 A 1 i 1R 4
F i PPG (55 ks 7 B (LR &, AC fH). TEIRHAE, Kb 2SR A6 IEAL 2,

DOI: 10.12677/mo0s.2025.145392 276 5 1 A


https://doi.org/10.12677/mos.2025.145392

L, IR

TGS RIS . EIELAMEE T, FrA 2w e TR 1T AC B4
N 0.71 x 1073 (b2 0.79 x 10731 0.53x10°3 (brifEZE: 0.15 x 10°%). £L €038 38 I AH M AE 43 7 4 1.35
x 1073 (hr#EZE: 0.98 x 10731 1.24 x 1073 (b ZE: 0.13x107%), 1M & (il i A AH M BUE 43 5~ 0.80 x 1073
(FRUEZE: 0.12 x 1073) 411 0.88x1073 (hrrfEZE: 0.71 x 1073). MK 3l LIFE H, fEMTLAMIZIGEE T,
TEATHR T 1) AC Ak T 4R 1 1) ACHE, (HAEN 2 E S| T A — SO BOXE t A 4h
BEOR, EIRAANEET, @Y 5P ETN AC H 2R A A BEME((19) =8.64,p<0.01), MEL
IRITE T, 25 AR R 2 (t(19) =5.74,p < 0. 01).. 2R, {ELREEIE T, 18T H AC & T 1481,
TRt 5 AL AT s E AN [ (1 25 R (1(19) = —6.46, p < 0. 01).
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Figure 3. AC values of the distal and middle phalanges of 20 subjects under NIR, red and green channels
[E 3. 20 BRI EMZE TP THIRTHEELN . LAEMEERETH ACE

Kl 4(a)~(c)Zr I BT LLAN . LL RN EUEIE F, I HE 5 A 54815 1) 10 x 10 ROI H#2HL PPG
G5 NETE, ArABEE SO, BESRERREAE. WEF AT OISR LR, itk
THFRAESE PR, IR A, AEMEELIEEIE T REM PPG LRI —BUR IR KL,
KNGS RS OISR FG . thAh, R AMNEE T, AT Mbkash o & 5% T e,
BRI R ZEE N E SR SE S . A, (RS EIRIE T, X BB RANE, RIREETT T
WA R TE TR . X — IR B 5 AN [F)GAE K JR A A 1) 28 R B T L5 T i 4 (A LA FR A
Ko

—— Distal Phalanges
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Figure 4. PPG waveforms of distal and middle phalanges under NIR channel (a), red (b) and green channel (c)
4. HSHETEIRLING LI (b) REFHIBIE(C) THI PPG K

5. Wi

AW TR TR 1 SRS B, BRI TR IR A A E . e
T A B BN LA R RS T R U R BB (2 B A K DA SRR R s 7
BAHME /3 AT[16]. X TP 5 22 7 ELAEWDCAE AL 23 (R 20 IR L SO B R o R, i B
PIFEAE PPG {5 S I IR, A B T I e A S HO0HE 5 A2 O e R 8L

PPG {55 B M Tt T 2 B SR 5WOEY i (L2 8 A A AR I SR R e, i T40
JCMT LA A BRI 5B RE 7, RS S 78 70 SOCI A EAR I [17]. Seie ikl 7Eissh
MZIGIEE T, 28T RINKEh 2> 8 W T e, BDEIRARE Al VIR . X — B AR 56
FIERE L MY PR E C B UIMHIR[18]. BAKIT &, o) 5] 80 M &5 0 2o sh ik B 77 2
GUINE ST, T BED K 7 2R S B0 M8 PR32 B AR [19] b T 328 15 15719 ) B 40 0L o0 1 02 35
TR, AR F R BRI L RIRICR B & 25T g AR SR U7 RS2 BRI
FLRAN M PRI B8 A BN 3 o I SRR PRI 4 FE 28 17 415 71 AL A% 47l 35 38 5 R A0 R L 41 B R P2 24
AR, WE 5 FrR. BRI, TR RO B AL AC, 5 TR AT RO AR AL AC,
WRLLFRAR: AC, > AC, .
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Light Light
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Figure 5. (a) Light penetration into the distal phalanges with high density of the microvascular network; (b)
Light penetration into the middle phalanges with low density of the microvascular network
B 5. (a) MIMENZESHTTETRLEFER; () MLENZERAPHETRLELEFER

57, BT B PR, AR 0 WER I A b R AR R R (B AL () = 0) [19].
SRR IR, AL R AL AR T A 22 B0 NEREN I 5 [20], 10 1 T B 400 3 X S VT
M A eSS MM ) B RO (3 5 OB P FL B 21] . SATI 4040 B A 2 R
AT, DR AN B AR A BB ST . DL, VR0 (LT A B M £ 0 ) A T A
BID(t) . BT LT, G5a bR ERR, S54RI 3 (OB AL, (t) 1AL (t) 77505
RN

Al (t)~L-C-D(t)+L-g-AC, (12)

Al,(t)~L-C-D(t)+L-s-AC, (13)

H1T AC, > AC, , HABRVZ 4745717 5 i 5 17 L A0 ARTEAL B — B, A s 22 3 Q0n] AW )
Aly > Al RPRZRIE AT HOL R AL B T K.

L, LA A R HRN T ERE ST, RENS R B IR Z LA k45 . DRI, 78 U BEXT
LB A RO » S Z0AM 't BE W 7 o S RV Pl ) I AE7 IA 24, ATTASE: 00 281) B K P I YAk R4 o
S AL ARG SR Bk = T 204108, (HIEZLAMGAE 5 BRI L MUK A2 E AC 5T
P ATRE 5 AL, R FBOLLADE N PR Al 2.

ERERERGE, EZOUEET, TSI R TZ I8, X IR RS540t 4H
P BREE O BT 2Ot FBIREEA IR, 580z A0 A5 45 A I 2R RO e ) Rk AR A 22
AN AR RS DU T, ALE R 2 (0 o PP AT 2 K0) T B ST D SR AR A ) T 2 TR 3R AR T 5
R B FEANBR (0 48 22 57 PR 3R 2 (R 35 A 0615 5 ORI, AR 3R B2 IS S0t iR 2 A 508,
M 58 R AE SR B R R SCRS PE 2 E—D MBS PRI 5 o IR RN 0 R 4 P e 4 W] e P 0P 4R 4
G BRAAL Al ST i T 4R

AFEDEHEIEE T KRt Al 2EMLR B ERE: 2006 > 206 > 44, X—IRA AR T
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PN REEH SN RIVER . @R BRI AL 8 A RcRe ik . B TGl R BRI 2 5 & g
AL ML R R B, R AE OBl 9T h SR B 825 BB IR ZE e . B0 B LT 2 A WAL U |
HAMRS, HRARFERIAR, HAMEN T EIRAIDCZ I IEAADEER &R 1R, H
I 218 A I B MRS R R B PR, 3O AL AL

FESERRIY PPG A5 SAS I A b, BERAE A RIS DN AR AL R AE AR AS A AU E . Bildn, sl X
A TR AR BN BNk LTI, DT e R S I 2 b i A B AL SR DBAR (L) LA SCRE ()
PLRROE R FE(C) AR o FEIEDXHR, R RE RS A I B S Ak Eh 5 5, [BAE PPG {55 LEIZR I
R AOIRNE, FEILH B BRI AR, R DO TRl SRR AL, KRR R AR A Y A BE 4G
He) 2> R A1 G 1 87 B B A5 DR 30T PPG 5 5 AL K R, BURE RS R4S I 2 (K AR B0 5 5 PR AIR, RIS PPG 15
T ERARAIRIE, P BUR A RURE . IS I AL (K A B A AT M, AT BERE XS 2 AT AR AL Y
PPG IR S RHAE (R IR ) HEAT S BTN, Oy S HERR) PPG 15 5 S BUR A 1508

6. &it

AW FOEE R LRSI, RGEE T ERE. YRR INE BEE SN PPG {5 5 A s B AR
R, o T AR AL S il 60 T BRI R s STk E R . KRS RERY, fEimiifatit, ik
ZLAN S LLGEIE T KBl B T e, R EAP T B AR R 5 0 BRI R RO
MAESOGEIE T, PRI AC (R Tmimds ™, XA REZEOH FBIREMRIRYE, LRk
RIBFERANME RO ZR G0 386 B 45 SOt . IR R B FURE, H RSB T
ZREAE ) PPG (5 SMEHT, TRAM 1150 — BRI Jay R 1

ORI Ry PPG BRI AR B B2 1 SRS HE R B SCHE, JCILAE MR 57t o 7k DX I 45 5
PErh R B S . AW TE AT — Dy = Hoph A B AL AW DR, FRIR R B A BUE R 77
%, DMRTHERRAE S A B T BB & 5 S et

&5k
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