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Background: Cardiovascular disease (CVD) is the leading cause of death in the United States. 

However, early detection can prevent up to 80% of associated fatalities. 12-lead 

Electrocardiograms (ECGs) are the gold standard for CVD diagnosis but require special 

equipment to be recorded. Smart wearable devices are ideal for at-home monitoring but only 

record three leads, limiting detectable diseases.  

 

Objective: This abstract proposes CardioNet, a method to synthesize a diagnostic-caliber 12-

lead ECG from a subset of leads. CardioNet uses Leads I, III, and V6 to generate the remaining 

nine leads. Leads II, aVR, aVL, and aVF are calculated using proven methods (Einthoven and 

Goldberger Formulas), while Leads V1-V5 are synthesized using a novel machine-learning 

pipeline, the project's primary focus (Fig. 1).  

 

Methods: CardioNet utilizes a novel multi-scale transformer architecture that processes single-

beat, coarse-grained, and fine-grained representations of the input leads using 3 distinct pipelines 

each implementing custom-designed transformer blocks as shown in Fig 2. (e.g. CNN + 

Transformer, custom positional encodings). This architecture is designed to analyze both local 

(Single Beat) and temporal (Multi Beat) dependencies, ensuring a diagnostic-caliber ECG 

output. The model is trained using 100,000 ECGs split between 10 disease types from the 

Mimic-IV database.  

 

Results: CardioNet achieved a low error with an average NRMSE of 0.00013 and an AAE of 

0.016 mV when tested with 30,000 ECGs. The synthesized ECGs were also shown to be 

diagnostic caliber when evaluated for accuracy of morphology in both normal and abnormal 

ECGs.  

 

Conclusion: CardioNet is a novel method for 12-lead ECG synthesis using wearable devices, 

and its generative Al methodology makes early detection and at-home monitoring of CVD 

widely available. 

 

Figures: 



  

Figure 1: 12-Lead ECG Generation Strategy 

 

Figure 2: CardioNet: Multiresolution Transformer Network For ECG Synthesis (V1-V5) 

References:  

[1] E. Goldberger, “A simple, indifferent, electrocardiographic electrode of zero potential and a 

technique of obtaining augmented, unipolar, extremity leads,” Am. Heart J., vol. 23, no. 4, pp. 

483–492, 1942. 

[2] E. Goldberger, “The aVL, aVR, and aVF leads: A simplification of standard lead 

electrocardiography,” Am. Heart J., vol. 24, no. 3, pp. 

[3] J. van der Zande et al., “Using a smartwatch to record precordial electrocardiograms: A 

validation study,” Sensors (Basel), vol. 23, no. 5, p. 2555, Feb. 2023 

[4] J. Sohn, S. Yang, J. Lee, Y. Ku, and H. C. Kim, “Reconstruction of 12-lead electrocardiogram 

from a three-lead patch-type device using a LSTM network,” Sensors, vol. 20, p. 3278, 2020. 

[5] Y.-H. Zhang and S. Babaeizadeh, “Synthesis of standard 12-lead electrocardiograms using 

two-dimensional generative adversarial networks,” J. Electrocardiol., vol. 69, pp. 6–14, 2021. 

Recording of Lead V6 with the 
smartwatch at the fifth 
intercostal space in left 

midaxillary line

Recording of Einthoven Lead I
between the left arm wrist and 

the right index fingerRecording of Einthoven Lead III

between the left lower abdominal region 
and the left index finger

[3]

Computing Pipeline

Synthesis Pipeline

Einthoven Leads

Calculate Lead II
using Einthoven 
Lead Formulas

Goldberger Leads

Calculate Lead 
aVR, aVL, aVF

using Goldberger's 
Lead Formulas

Evaluation

Evaluate the 
accuracy of the 
computed ECGs 
using AAE and 

NRMSE

Data Pre-
processing

Pre-recorded 
leads from 
MIMIC-IV 

public dataset 
used as inputs 

into 
computing 

and synthesis 
pipeline

Steps:
• Data 

Selection
• Data Noise 

Filtering

1 Recording

2

3

Synthesis 
Method

Lead

RecordI

RecordIII

RecordV6

Einthoven Lead
SystemII

Goldberger’s Lead 
SystemaVR

Goldberger’s Lead 
SystemaVL

Goldberger’s Lead 
SystemaVF

Synthesize Using 
CardioNetV1

Synthesize Using 
CardioNetV2

Synthesize Using 
CardioNetV3

Synthesize Using 
CardioNetV4

Synthesize Using 
CardioNetV5

Feature Analysis

Add Convolutional 
Layers to transformer 
blocks and customize 

the positional  
encoding of the 

transformer model

Model 
Architecture 

Define Architecture 
of Synthesis Model 
and Visualize Loss 

Graph

Evaluation

Evaluate the 
accuracy of the 

synthesized ECGs

[3][3]

Input 
Em

beddings

C
ustom

 
P

ositional 
Encodings

M
ulti -

H
eaded 

A
ttention

A
dd &

 
N

orm
alize

Feed 
Forw

ard

A
dd &

 
N

orm
alize

C
onvolution 128

C
onvolution 128

Output –
Synthesized 

ECG
Fe

at
ur

e 
Fu

si
on

 
C

on
ca

te
na

tio
n

Lead I
(1000 x 1)

Lead III
(1000 x 1)

Lead V6 
(1000 x 1)

C
on

ca
te

na
te

(1
00

0 
x 

3)

Single Beat Analysis

Single Beat 
(Up Sample)
(1000 x 3) 

Single Beat 
(Extraction)

(100 x 3)

Transformer With 
CNN Encoder

Coarse Grained Analysis

Transformer 
Encoder

Coarse Grained
(Moving Average)
(Kernel Size 8)
(1000 x 3)

Transformer 
Encoder

Fine Grained
(No Preprocessing)
(1000 x 3) Transformer 

Encoder

Input Embeddings

Custom Positional 
Encodings

Multi Headed 
Attention

Add & Normalize

Feed Forward

Add & Normalize

Output Embeddings

Custom Positional Encodings

Multi Headed Attention

Add & Normalize

Feed Forward

Add & Normalize

Multi Headed Attention

Add & Normalize

O
ut

pu
t f

ro
m

 E
nc

od
in

gs

Convolution 128

Dense 1000

Transformer 
Decoder with 

CNNFine Grained Analysis *Plotted Data From Mimic-IV dataset


