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Diffusion-Based PPG-to-ECG Translation
with Dynamic ROI Selection

Changwook Chu * Seoung Bum Kim
Department of Industrial and Management Engineering, Korea University

Electrocardiography (ECG) is one of the simplest and fastest methods for examining the cardiovascular system.
Despite its widespread use in assessing cardiac health, collecting ECG data can be a challenge, often requiring
the attachment of multiple sensors to the body or the use of specialized equipment. To overcome these
limitations, many research has been conducted to find alternative approaches. One promising avenue is the use
of photoplethysmography (PPG) data, which has a high correlation with ECG data and can be easily collected in
real-time through wearable devices. Consequently, there has been growing interest in using PPG data to generate
ECG data for real-time cardiac analysis. In this study, we propose a diffusion-based PPG-to-ECG translation
with dynamic region of interest (ROI) selection, using the diffusion model success in various domains, including
image, video, audio, and time-series data. Our proposed methodology addresses a key limitation of traditional
diffusion models, which struggle to accurately generate the QRS complex which is an essential component of
ECG data. We enhance the model performance by selectively adding noise to the ROI, focusing on the most
critical segments. Instead of relying on hyperparameters for ROI selection, we develop a dynamic ROI selection
algorithm. Furthermore, instead of using a standard U-Net architecture commonly used in image processing, we
propose using a diffusion model suitable for time-series data, DiffWave, enabling more precise and detailed
extraction of signal characteristics. To validate the performance of our model, we use a benchmark comprising
five bio-signal datasets. Experimental results show that, compared with the baseline RDDM, our method
reduced the average RMSE from 0.533 to 0.212 and FD from 129.88 to 14.28 across five benchmark datasets.

Keywords: Diftusion Model, Cardiovascular Health, Dynamic ROI Selection, Time-Series Data, ECG Data
Generation
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Step1. Clean ECG

— &G
X RPeaks

Step 2. Detect R-peak

Step 3. Detect other peaks

Step 4. Detect ROl and mask

Figure 1. Process of selecting dynamic ROI. The first step involves preprocessing the ECG signal to obtain a clean waveform. R-peaks

are then detected using the SciPy module, followed by detection of the remaining P, Q, S, and T peaks using the same method.

When all five characteristic peaks are successfully identified, the midpoint between the P and Q waves is designated as the
start of the ROI, and the midpoint between the S and T waves is set as the end. The ROI is then masked with a value of 1.
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Figure 2. Overall architecture of the proposed model. The model retains the DiffWave backbone while incorporating a learnable

positional encoding at the input stage. To better capture time-series characteristics, multi-head cross-attention is applied to the

final feature map of each residual block, conditioning on the PPG signal.
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Table 1. Comparison of ROI selection methods across 4 different diffusion sampling steps(10, 25, 50, 100) in terms of RMSE and FD
scores. The best performance values among methods are highlighted in bold. Results are reported as mean and standard

deviation over three independent runs. Statistical significance between RDDM and RDDM + dynamic ROI is evaluated

using paired ¢-tests, where * indicates p-value <0.1 and ™

indicates p-value < 0.05.

Sampling step 10 25 50 100

Dataset Method RMSE FD RMSE FD RMSE FD RMSE FD
RDDM 0.316 25.21 0.318 31.62 0.533 139.55 0.668 243.61
DALIA (0.027)** (3.48)* (0.014)** (5.77)** (O.OSO)H (30.63)** (0.256)* (165.12)*
RDDM + 0.223 15.77 0.243 8.91 0.299 26.11 0.366 58.23
dynamic ROI (0.027) (6.92) (0.018) (0.85) (0.024) (10.36) (0.105) (48.69)
RDDM 0.316 25.80 0.317 32.18 0.529 138.14 0.670 246.27
WESAD (0.026)* (3.77)** (0.014)** (5.62)** (0.048)** (29.22)** (0.261)* (168.36)*
RDDM + 0.219 15.37 0.243 9.357 0.298 26.54 0.367 59.94
dynamic ROI (0.023) (6.12) (0.019) (0.901) (0.025) (10.08) (0.109) (50.73)
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Figure 3. Qualitative comparison between the fixed-width ROI selection used in RDDM and the proposed dynamic ROI selection.
Selected ROIs are highlighted with blue (RDDM) boxes and red (proposed) boxes. The characteristic peaks used to define

each ROI are also indicated.



484 =3

DiffWave 7]¥+ W2 78] 51 pPG 27 74k 22 ofeld o
2 PR JoH, Ade oA Y F HelEAl
(DALIA, WES , BIDMC, CAPNO, MIMIC)-& th4+ 0. & 43}
HAoh RE AP MEZY 28-S 10, 25, 50, 1000.E S35
Ao, 347%1}1 1% QA5 VR = RMSES} 313 9]

4 A S S48 FDE AHEsETh AEd 2Fo] 7}
AL 1025 oA Aot mde wE do]EjAlo] A RMSES}
FD7} 3A] ZAHAY. dF €91, ALIAOM% RMSE7}
RDDM®] 0440914 02092 7HA3t91, FDE 86.15904
15532 =tk #AK3E 7)141-& WESAD, BIDMC, CAPNO,
MIMICO A & BHEE gl om, Al 7)) HloEjAl¢] H 1 RMSE
£ F 0441004 021102 Ak £F02 F93, P+ FD=
oF 88.2991A 14212 FA AXFHAE 53] Fdo] we
BIDMCO| A & FD7} 93.660 4] 16.00% 7+Asted, A|¢ 2
o] A% ko= t-§ THE AT F AT MEY 2
S 25,50, 1000.2 ZVIAAE Ao 2dlo] Al5e dALA
A = ATk RMSE= 0.1920141 0.233 ARo] 9] F-2 H| o
A ek A o2 FA1E o FD G A 12.019014 17.00 AFo] 2

Ue ZkE 71 E3H T Wb, RDDMS 2] 427} 2712
RMSEZ} ©F 04781141 0.643, FD7} 70 0|40 2 EolA &= 7
& Btk oA 7l tlolElAl At A WA o & At B

z
o
=

o
o
oE

92 RMSE$} FD B0l A F8ig 4% ¢
FD2| 7+A Zo| RMSERTH @A Ath= A

A B ofyel QRS EA|<} PoL, TH & /Hl
At AP AT T3 BE
AZe] 28 274 RDDM3} A|¢Hst 2dl 7+ A%
paired t-testS B3 HESHATE 11 A, thEE
9] p-valueZ} 0.05 P|THO.2 YER} A9 & ;i_‘o
TAHOE e Foj e BAFUTE £,
Hx2}7} 20 o)A 0. 2 =5 Ak
SHAl Yehd BHA, Albst &9 FD £
o A 30| 4] 8 Afo] 2 QP A 0.2 FAFH L) ©
Jo] 7]& W £ vl Azt HEdo] AA I
o A H5E AFES AlAF

<Figure 4> MEH 28] 10 27904 BIDMC Hl°]EjAl<]
3} /\].aq]sz'_ EOH x]]?_} n:ﬂyjr 7]% RDDM Zl—g] ;g/ﬂz% ;'<].o]:='_
AZtA o 2 Hlud Aatolt, A WA I Ze Y 2Ho
2 A" PPG A EE, T HAE 24 ECGE, Al WA=
RDDMeo| AAe ECGE, nhA v M A= Ak o] A4
St ECGE 47} Yeldth RDDMY] A= AHukd o7 A&
WFol 21 QRS EFA 9| 4ol e on, 9y Ant
of gf3to] ExE o e A EAT 4= AT v, A =

;\9

&
o
o
> ofr >z
o S A2

olr "
of_’i' o

-
s

zoiﬁ
lo
-

T O o> my

Tl

oﬁr‘
b o 2 X

L
_‘l:_lr-l__ _‘I_Ll__

F{F N
2 -{o
2ol X
ot

s2d

M
lo

ﬂi,

Table 2. Quantitative comparison between RDDM and the proposed method across 4 different diffusion sampling steps (10, 25, 50,

100) in terms of RMSE and FD scores. The best performance values among methods are highlighted in bold. Results are

reported as mean and standard deviation over three independent runs. Statistical significance between RDDM and proposed

method is evaluated using paired ¢-tests, where * indicates p-value <0.1 and ** indicates -value < 0.05.

Sampling step 10 25 50 100
Dataset Method RMSE FD RMSE FD RMSE FD RMSE FD
RDDM 0.440 86.15 0.514 129.09 0.558 154.46 0.628 175.05
DALIA (0.037)** (17.64)** (0.049)“ (26.78)** (0.083)** (44.40)** (0.095)** (33.78)**
0.209 15.53 0.218 13.89 0.218 15.33 0.202 13.78
Proposed method
(0.011) 3.93) (0.016) (5.87) (0.018) (4.55) (0.006) 4.72)
RDDM 0.433 84.19 0.507 126.07 0.557 154.43 0.624 153.11
WESAD (0.040)** (18.44)** (O.OSZ)H (28.00)** (0.084)** (44.82)** (0.096)** (39.83)“
Proposed method 0.203 12.78 0.203 13.10 0.208 13.57 0.192 14.02
(0.009) (4.04) (0.013) (4.34) (0.019) (5.15) (0.006) (2.37)
RDDM 0.457 93.66 0.528 136.40 0.565 126.72 0.643 175.83
BIDMC (0.023)** (11 .64)** (0.046)** (25.35)** (0.088)** (26.38)** (0.099)** (30.20)**
0.224 16.00 0.233 16.54 0.229 17.10 0.227 15.24
Proposed method
(0.014) (7.20) (0.011) (7.02) (0.013) (7.38) (0.006) (6.74)
RDDM 0.473 102.88 0.537 141.97 0.571 156.61 0.651 194.60
CAPNO (0.03 1)** (16.22)** (0.042)** (24.45)** (0.089)** (39.35)** 0.1 02)** (49.87)“
0.201 13.00 0.201 12.38 0.205 13.53 0.197 12.01
Proposed method
(0.010) 3.53) (0.012) (4.41) (0.020) (4.43) (0.010) (3.33)
RDDM 0.404 74.57 0.478 97.17 0.517 105.97 0.584 128.69
MIMIC (0.1 15)** (43.95)* (. 123)** (39.69)** (0.1 79)** (57.79)* (0.208)** (83.67)*
Proposed method 0.217 13.76 0.219 14.92 0.219 14.97 0.208" 14.06
(0.008) (5.90) (0.012) (4.87) (0.017) (6.26) (0.002) (4.56)
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Figure 4. Qualitative comparison between the conditioning PPG signal (first plot), the corresponding ground-truth ECG (second plot),
the ECG generated with RDDM (third plot), and the ECG generated by the proposed diffusion model (bottom plot) on the
BIDMC dataset. The proposed method more accurately reproduces the sharp QRS complexes and overall morphological

patterns of the original ECG, while the RDDM output exhibits noticeable amplitude fluctuations and waveform distortions.
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Table 3. Quantitative comparison of the proposed method against transformer and GAN-based(CardioGAN) baselines on 5 datasets.
Metrics are RMSE and FD and the best value for each dataset and metric is highlighted in bold.

Dataset DALIA WESAD BIDMC CAPNO MIMIC
Method | RMSE FD RMSE FD RMSE FD RMSE FD RMSE FD
Transformer |  0.34 10.6 029 | 1013 050 | 42.71 038 | 1882 066 | 1875
CardioGAN | 042 | 2751 037 | 29.15 0.63 | 154.64 038 | 31.10 0.54 | 99.03
Proposed 0.21 1152 | 0.193 11.17 022 | 1582 0.19 10.8 021 | 1248
method
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