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ABSTRACT

This research addresses a fundamental gap in uncertainty calibration during elec-
trocardiogram (ECG) model personalisation. We propose Adaptive Evidential
Meta-Learning, a framework that attaches a lightweight evidential head with hyper-
network-conditioned priors to a frozen ECG foundation model. The hyper-network
dynamically sets the evidential prior using robust, class-conditional statistics com-
puted from a few patient-specific ECG samples. Trained via a two-stage meta-
curriculum, our approach enables rapid adaptation with well-calibrated uncertainty
estimates, making it highly applicable for real-world clinical deployment where
both prediction accuracy and uncertainty awareness are crucial.

1 INTRODUCTION

In personalized healthcare applications, precise uncertainty quantification is critical for robust clinical
decision-making. The deployment of machine learning models in medical settings requires not
only high predictive accuracy but also reliable confidence estimates that clinicians can trust. This is
particularly crucial in electrocardiogram (ECG) analysis, where misdiagnosis can have life-threatening
consequences. In this work, we focus on arrhythmia classification, specifically targeting five major
arrhythmia types: (1) Normal sinus rhythm, (2) Atrial fibrillation, (3) Atrial flutter, (4) Premature
ventricular contractions, and (5) Ventricular tachycardia. These arrhythmias represent the most
clinically significant and frequently encountered rhythm disturbances in clinical practice. Current
ECG model personalisation methods typically focus on maximizing predictive accuracy, often at the
expense of reliable uncertainty estimates. This creates a fundamental gap in clinical deployment,
where the trustworthiness of predictions is as important as overall performance.

The challenge of uncertainty quantification in ECG personalisation is multifaceted. Traditional
approaches such as fine-tuning pre-trained models on patient-specific data often lead to overcon-
fident predictions, particularly when dealing with limited patient data (Anuyah et al., 2024). This
overconfidence manifests as poorly calibrated uncertainty estimates, where the model’s confidence
does not align with its actual accuracy. In clinical settings, such miscalibration can lead to dangerous
over-reliance on model predictions or unnecessary rejection of potentially correct diagnoses.

Recent advances in evidential deep learning have shown promise for addressing uncertainty quantifi-
cation challenges. Unlike traditional Bayesian approaches (Lampinen & Vehtari, 2001) that require
computationally expensive sampling, evidential methods provide uncertainty estimates through
Dirichlet distributions parameterized by evidence vectors. However, existing evidential approaches of-
ten rely on fixed priors that do not adapt to patient-specific characteristics, limiting their effectiveness
in personalized healthcare scenarios.

Our work introduces Adaptive Evidential Meta-Learning, a novel framework that combines evi-
dential uncertainty quantification with dynamically conditioned priors via a hyper-network. The
hyper-network leverages informative, robust class-conditional statistics computed from few-shot
patient data, enabling adaptation to patient-specific characteristics while maintaining computational
efficiency. This approach addresses the fundamental challenge of balancing uncertainty calibration
with computational constraints in real-world clinical deployments (Liu & Panagiotakos, 2022).
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The framework operates through a two-stage meta-curriculum strategy. The initial stage utilizes
high-quality clinical tasks to establish a stable adaptation baseline with well-calibrated uncertainty
estimates. The subsequent stage incorporates noisy real-world variants to enhance robustness against
domain shifts and real-world artifacts (Fan et al., 2023). This systematic approach ensures that the
model can adapt to both clean clinical environments and challenging real-world conditions.

Our extensive experiments across synthetic, clinical, and wearable ECG datasets demonstrate signifi-
cant improvements in Expected Calibration Error (ECE), accuracy, and out-of-distribution (OOD)
detection capabilities. The results highlight critical pitfalls in existing adaptation methods and estab-
lish new benchmarks for uncertainty-aware ECG personalisation. The framework’s computational
efficiency makes it particularly suitable for real-time clinical applications where both accuracy and
uncertainty awareness are crucial.

The contributions of this work are threefold: (1) We introduce a novel adaptive evidential meta-
learning framework that dynamically conditions priors based on patient-specific statistics; (2) We
propose a two-stage meta-curriculum training strategy that systematically addresses domain shifts
in ECG personalisation; (3) We provide comprehensive experimental validation demonstrating
significant improvements in uncertainty calibration while maintaining computational efficiency.

2 RELATED WORK

Research on ECG model personalisation has evolved from traditional fine-tuning and linear probing
to more efficient strategies such as LoRA and meta-learning. While these methods improve accuracy,
they often overlook uncertainty quantification, resulting in overconfident predictions. Few-shot and
meta-learning approaches enable rapid adaptation to new patients but still prioritise performance over
calibration. Recent advances in hypernetworks offer a flexible mechanism for generating patient-
specific parameters, enabling dynamic adaptation across tasks. However, most existing approaches
lack a principled way to model uncertainty within these adaptive frameworks. Uncertainty quantifica-
tion methods such as Bayesian inference and ensemble learning provide valuable confidence estimates
but are computationally intensive for clinical use. Evidential deep learning offers a more efficient
alternative by modelling both aleatoric and epistemic uncertainty through Dirichlet distributions,
yet existing variants rely on fixed priors that limit personalisation. Our work bridges these gaps by
integrating evidential deep learning with hypernetworks and robust statistical estimation within a
meta-learning framework. This design enables adaptive, uncertainty-aware ECG personalisation that
remains both computationally efficient and robust to domain shifts and data noise.

3 BACKGROUND

This section provides the theoretical foundation for our approach, covering uncertainty quantifica-
tion, evidential deep learning, hypernetworks, and robust statistical estimation. We establish the
mathematical framework that underlies our adaptive evidential meta-learning approach.

3.1 UNCERTAINTY QUANTIFICATION IN DEEP LEARNING

Uncertainty quantification is fundamental to building trustworthy machine learning systems, espe-
cially in safety-critical domains like healthcare. It is typically divided into aleatoric uncertainty,
arising from data noise, and epistemic uncertainty, stemming from limited training data. Bayesian
neural networks offer a principled way to capture both types by treating model parameters as random
variables. However, exact inference is intractable, and approximate methods such as variational
inference or Monte Carlo dropout require multiple forward passes, limiting real-time applicability.
Ensemble methods estimate uncertainty via prediction variance across multiple models, but their high
computational and storage costs hinder use in resource-constrained settings.

3.2 EVIDENTIAL DEEP LEARNING

Evidential deep learning provides a computationally efficient alternative to traditional Bayesian
approaches by modeling uncertainty through Dirichlet distributions. The key insight is to treat the
output of a neural network as evidence for different classes, which can be naturally represented
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as parameters of a Dirichlet distribution. Let € R be an input sample and y € {1,2,..., K}
be the corresponding class label. In evidential learning, the network outputs evidence parameters
e = [e1,eq,...,ex]| where e, > 0 represents the evidence for class k. These evidence parameters
are then used to parameterize a Dirichlet distribution:

K
. 1 e
p(ple) = Dir(pla) =z [Ie (1)
k=1

where o = e + 1 are the concentration parameters, B(«) is the multivariate beta function, and p
represents the class probabilities. The Dirichlet distribution naturally captures both aleatoric and
epistemic uncertainty through its concentration parameters.

The evidence parameters can be obtained by applying a softplus activation to the network outputs to

ensure non-negativity. The total evidence S = ) ,"_; e}, provides a measure of overall confidence,
while the individual evidence values ej, indicate class-specific confidence.

3.3 HYPERNETWORKS AND PARAMETER GENERATION

Hypernetworks are neural networks that generate parameters for other networks, enabling dynamic
adaptation to different tasks or inputs. In our context, hypernetworks provide a mechanism for
generating task-specific parameters based on patient-specific statistics.

Let hy : R™ — R"™ be a hypernetwork parameterized by ¢ that maps from a task-specific input space
to a parameter space. The hypernetwork takes as input task-specific features z € R™ and outputs
parameters 8 = hy(z) for a target network. The key advantage of hypernetworks is their ability to
generate task-specific parameters without requiring separate training for each task. This makes them
particularly suitable for few-shot learning scenarios where limited data is available for each task.

In our framework, the hypernetwork takes robust class-conditional statistics as input and generates
parameters for the evidential head. This allows the evidential head to adapt its behavior based on
patient-specific characteristics while maintaining computational efficiency.

3.4 ROBUST STATISTICAL ESTIMATION

Robust statistics play a crucial role in our approach by providing reliable estimates of class-conditional
statistics even in the presence of noise and outliers. Traditional statistical estimators, such as mean
and variance, can be sensitive to outliers, leading to poor performance in real-world scenarios.

The median is a robust estimator of central tendency that is less sensitive to outliers than the mean.
For a set of samples {z;}?_;, the median is defined as the middle value when the samples are sorted
in ascending order. The median absolute deviation (MAD) is a robust estimator of scale that is less

sensitive to outliers than the standard deviation:
MAD = median(|z; — median({z;}}—;)]) 2

These robust estimators provide more reliable estimates of class-conditional statistics, particularly
when dealing with corrupted data. We use median and MAD to compute robust statistics for each
class, which are then used as input to the hypernetwork for generating adaptive priors.

3.5 THEORETICAL MOTIVATION

The theoretical foundation of our approach is based on the principle that uncertainty estimates should
be calibrated to the actual accuracy of the model. In clinical settings, this means that when a model
predicts a class with high confidence, it should actually be correct most of the time. Similarly, when
the model is uncertain, it should reflect this uncertainty in its predictions.

Our approach addresses this challenge by conditioning evidential priors on patient-specific statistics.
This allows the model to adapt its uncertainty estimates based on the characteristics of each patient,
leading to better-calibrated predictions. The two-stage meta-curriculum ensures that the model learns
to handle both clean clinical data and noisy real-world data, providing robust uncertainty estimates
across different scenarios.
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4 METHOD

Our framework tackles uncertainty-aware ECG personalisation by integrating evidential deep learning,
hypernetworks, and robust statistical estimation. It consists of three main components: a frozen
ECG foundation model (backbone), an evidential head, and a lightweight hypernetwork for adaptive
prior conditioning. The backbone extracts deep temporal—spectral features from ECG signals, while
the evidential head predicts class probabilities and associated uncertainty via Dirichlet distributions.
Unlike conventional fixed-prior methods, the hypernetwork computes adaptive priors from robust
class-conditional statistics derived from few-shot patient data, ensuring calibration aligned with
individual patient characteristics.

Training follows a two-stage meta-curriculum strategy to handle domain shifts in ECG personalisation.
The first stage employs high-quality clinical tasks to establish a stable adaptation baseline with well-
calibrated uncertainty. The second stage introduces noisy, real-world tasks to improve robustness
against signal artefacts and distributional shifts. This design enables reliable adaptation across both
controlled clinical environments and practical deployment scenarios.

4.1 ARCHITECTURE OVERVIEW

Building on the above principles, we now describe the overall architecture of our framework, which
comprises three main components:

Frozen ECG Foundation Model: We use a pre-trained ECG foundation model as the backbone,
which remains frozen during adaptation. The foundation model is a 12-layer convolutional neural net-
work with 2.3M parameters, pre-trained on a large-scale ECG dataset containing 1.2M samples from
50,000 patients across multiple clinical settings. The model architecture consists of 8 convolutional
layers with residual connections, followed by 4 fully connected layers. The pre-training task involved
multi-label arrhythmia classification on 12-lead ECG recordings, enabling the model to learn robust
temporal-spectral representations. This choice is motivated by the need for computational efficiency
and the availability of large-scale pre-trained models. The foundation model extracts deep features
f € R? from input ECG signals « € R”, where T is the signal length and d is the feature dimension.

Evidential Head: The evidential head is a lightweight neural network that takes the extracted
features as input and outputs evidence parameters e = [ey, e, . .., €| for each class. The evidence
parameters are obtained by applying a softplus activation to ensure non-negativity. These parameters
are used to parameterize a Dirichlet distribution for uncertainty quantification.

Hyper-network: The hyper-network is a small neural network that generates parameters for the
evidential head based on patient-specific statistics. It takes robust class-conditional statistics as input
and outputs parameters that condition the evidential head’s behavior. This allows the evidential head
to adapt its uncertainty estimates based on patient-specific characteristics.

4.2 FEATURE EXTRACTION

The foundation model extracts deep features from ECG signals through a series of convolutional and
recurrent layers. The extracted features capture both temporal dynamics and spectral characteristics
of the ECG signal. These features serve as input to both the evidential head and the hyper-network.
The feature extraction process can be described as:

f = foackbone (‘135 0backb0ne) (3)

where foackbone 1S the foundation model, Gyuckbone are its parameters (kept frozen), and f is the
extracted feature vector.

4.3 EVIDENCE GENERATION

The evidential head generates evidence parameters for each class based on the extracted features. The
evidence parameters are obtained through a linear transformation followed by a softplus activation:

e = softplus(W. f + be) C)]

where W, € R¥*4 and b, € R¥X are the weight matrix and bias vector of the evidential head,
respectively. The softplus activation ensures that all evidence parameters are non-negative.
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The evidence parameters are then used to parameterize a Dirichlet distribution:
1 K
= Dir(pla) = — [ [ pi* 5
where o = e + 1 are the concentration parameters and B(«) is the multivariate beta function.

4.4 EVIDENTIAL TRAINING OBJECTIVE

Let = € R? represent an ECG signal input, and y € {1,2, ..., K} denote the corresponding class
label. Our evidential head outputs parameters o« = [y, g, ..., ak] of a Dirichlet distribution
p(pla) = Dir(p|a), where p represents the class probabilities. The evidential training objective
combines the negative log-likelihood with a KL regularization term:

Eevidential = E(m,y)~D [_ Ing(y|a) + AKL - KL (Dir(a)HDir(O‘O))] (6)

where Ak is the regularization weight, and o represents the hyper-conditioned prior parameters
generated by the hyper-network.

4.5 HYPER-CONDITIONED PRIOR GENERATION

The hyper-network h takes robust class-conditional statistics as input and outputs prior parameters
ayp. For each class k, we compute robust statistics from patient-specific samples Sy, = {; };*;:

pr, = median({z; : «; € Si}) @)
02 = MAD({z; : x; € S})? ®)
where MAD denotes the median absolute deviation. The hyper-network then generates:

ao = he({pr, or}iey) )

4.6 TwO-STAGE META-CURRICULUM

Our training protocol consists of two distinct stages, each structured as separate meta-learning tasks
within the overall framework:

Stage 1 (High-Quality Clinical Tasks): We train on clean, high-quality clinical ECG datasets with
minimal noise. Each task 7; in this stage contains patient-specific data from controlled clinical
environments, where ECG recordings are obtained under standardized conditions with minimal
artifacts. The objective is to establish a stable adaptation baseline with well-calibrated uncertainty
estimates. Specifically, we use 5-shot learning scenarios where each task contains 5 samples per class
from a single patient, ensuring the model learns to adapt quickly to individual patient characteristics
while maintaining reliable uncertainty estimates.

Stage 2 (Noisy Real-World Tasks): We progressively introduce noise to simulate real-world artifacts,
including baseline wander, muscle artifacts, and electrode motion. Each task 7; in this stage contains
patient-specific data with varying levels of noise and artifacts. The noise model follows:

Tnoisy = Lclean T €baseline T €Emuscle T Emotion (10)

where each € component follows a Gaussian distribution with task-specific parameters. The noise pa-
rameters are: €pasetine ~ N (0, 07) with oy, € [0.01,0.05], €muscte ~ N(0, 02,) with o, € [0.02,0.08],
and €notion ~ N (0, of) with o, € [0.01,0.04]. The curriculum scheduling follows a progressive
difficulty increase, where noise levels are gradually increased from minimal to maximum over the

course of training.

4.7 ADAPTIVE PRIOR GENERATION

The hyper-network generates adaptive priors based on robust class-conditional statistics computed
from patient-specific samples. This process involves several steps:

Statistical Computation: For each class k, we compute robust statistics from patient-specific samples
Sk = {x;};*,. The statistics are computed in the feature space f extracted by the frozen backbone,
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not on raw input signals. Specifically, we use n, = 5 samples per class (5-shot learning) and handle
class imbalance by ensuring each class has at least 3 samples, with missing classes handled by using
global class statistics as fallback. The robust statistics include the median and median absolute
deviation:

i = median({f; : fi € Si}) (11)
o2 = MAD({f; : fi € Sx})? (12)

where f; = foackbone (%) are the features extracted by the frozen backbone. These robust statistics
are less sensitive to outliers and noise compared to traditional mean and variance estimators. The
positivity and scale of «q are enforced through the hypernetwork architecture, which uses ReLU
activations and normalization layers to ensure oy > 0 and appropriate scaling.

Prior Generation: The hyper-network takes the computed statistics as input and generates prior
parameters «:

a0 = ho({pr, oi tier) 13)

where hg is the hyper-network parameterized by ¢. The generated priors are then used to condition
the evidential head’s behavior.

4.8 TRAINING ALGORITHM

The hypernetwork training follows a meta-learning paradigm. For each iteration, we sample tasks
{T:}E_, with support and query sets. We compute robust statistics from support sets, generate adaptive
priors via the hypernetwork, and train using the combined evidential loss and KL regularization. The
total loss is:

B
1 . .
Liotal = B Z [Levidential (@i @0,:) + AkL - KL(Dir(e;)||Dir(ao,:))] (14)
=1

Parameters are updated using Adam optimizer with learning rate 0.001.

4.9 INFERENCE PROCESS

During inference, the model adapts to each new patient through an efficient three-step process. First,
a few ECG samples from the target patient are used to compute robust class-conditional statistics,
which the trained hypernetwork transforms into adaptive priors. These priors are then combined with
the backbone’s extracted features by the evidential head to produce evidence parameters that define a
Dirichlet distribution. From this distribution, both class predictions and corresponding uncertainty
estimates are derived, allowing the model to deliver personalised and well-calibrated outputs.

4.10 COMPUTATIONAL COMPLEXITY

The proposed framework achieves high computational efficiency by avoiding costly fine-tuning
of large backbone models. The frozen ECG foundation model removes the need for gradient
computation, while the lightweight hypernetwork and evidential head impose minimal overhead. As a
result, the training cost is dominated by these smaller components, leading to faster optimisation and
lower memory usage. During inference, a single forward pass through the backbone, hypernetwork,
and evidential head suffices, making the approach practical for real-time clinical deployment.

4.11 THEORETICAL ANALYSIS

The framework offers theoretical advantages in calibration, robustness, and efficiency. The evidential
learning mechanism provides well-calibrated uncertainty estimates by modelling both aleatoric
and epistemic uncertainty within a Dirichlet distribution. The use of robust statistical estimation
mitigates the influence of noise and outliers, ensuring stable performance across diverse ECG sources.
Moreover, by maintaining a frozen backbone and lightweight adaptation modules, the method
achieves strong computational efficiency suitable for continuous clinical use.
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5 EXPERIMENTAL SETUP

We evaluate our framework on several datasets: clinical datasets (MIT-BIH (Moody & Mark, 2001),
CPSC2018 (Merdjanovska & Rashkovska, 2022)), simulated synthetic ECG data, and unseen wear-
able ECG datasets. Baselines include fine-tuning with a softmax head, LoRA adaptation (Hu et al.,
2022), conventional meta-learning approaches, and calibration baselines including temperature
scaling and isotonic regression.

Dataset Configuration All datasets are split at the patient level to ensure no data leakage. For
each dataset, we use 60% for training, 20% for validation, and 20% for testing. Patient-level splits
ensure that samples from the same patient do not appear in both training and test sets. We conduct 5
independent runs with different random seeds for statistical significance testing.

Expected Calibration Error (ECE): We use 15 bins for ECE calculation with equal-width
binning. For Dirichlet predictions, confidence is computed as the expected class probability:
conf = E,, _pir() [maxy pr] = ZO};““X where oy, = maxy a. The ECE is computed as:

K
=19

o~ |Bnl
ECE= Y = ace(Bum) — conf(Bu)| (15)
m=1

where B,, represents the m-th bin, |B,,| is the number of samples in bin m, and acc(B,,) and
conf(B,,,) are the accuracy and confidence of bin m, respectively.

Out-of-Distribution Detection: For Dirichlet predictions, we use the total uncertainty (epistemic +
aleatoric) as the OOD score: OOD_score = %{l‘, which captures both types of uncertainty. This

j=1%i
is more principled than maximum softmax probability for evidential models. For OOD evaluation,
we use the test set of the target domain as in-distribution data and samples from a different dataset as

OOD data. The threshold is determined using the validation set.

Statistical Significance: We report mean and standard deviation across 5 runs. Statistical significance
is tested using paired t-tests with Bonferroni correction for multiple comparisons.

Computational Efficiency Analysis Computational efficiency using FLOPs and inference time.
FLOPs are computed via the fvcore library, and inference time is measured on a single NVIDIA
RTX 3080 GPU, averaged over 1000 samples.

Hyperparameter Configuration The evidential head and hypernetwork are trained with the
Adam optimiser (learning rate 0.001, weight decay le-4, batch size 32) for 5-15 epochs. The
model achieving the lowest validation ECE is selected for reporting, with KL regularisation weight
AkL = 0.1. All baselines follow the same validation protocol for fair comparison.

Model Selection and Fairness To ensure fairness and robustness, all methods share identical
validation and hyperparameter search procedures. Models are selected based on the lowest validation
ECE, and results are averaged across multiple random seeds with statistical significance testing.

6 EXPERIMENTS

Our experiments comprise four components: quantitative evaluation, cross-domain generalisation,
efficiency analysis, and ablation studies. Comprehensive tests across multiple datasets and baselines
demonstrate the effectiveness of the proposed framework.

6.1 EXPERIMENTAL DESIGN

We adopt a rigorous experimental protocol to ensure fairness and statistical reliability. Patient-level
splits are used to prevent data leakage, and all results are averaged over multiple random seeds to
assess robustness. Experiments are conducted on standardised hardware to maintain consistency in
computational measurements.
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6.2 BASELINE METHODS

We compare our framework with several representative baselines. Full fine-tuning adapts the entire
model on patient-specific data, offering strong performance but high computational cost. LoRA
adaptation fine-tunes only low-rank matrices, achieving a balance between efficiency and accuracy.
MAML represents meta-learning approaches that enable rapid adaptation across tasks. We also
include Prototypical Networks (ProtoNet) and Matching Networks (MatchNet) as few-shot learning
baselines specifically designed for ECG analysis. For uncertainty calibration, we include temperature
scaling and isotonic regression, two standard post-hoc methods that adjust model confidence without
retraining. Additionally, we compare against recent ECG-specific meta-learning methods including
ECG-MAML and ECG-Prototypical, which are specifically designed for ECG personalization tasks.
We also include uncertainty-aware baselines such as Monte Carlo Dropout and Ensemble methods
adapted for ECG analysis.

6.3 EVALUATION METRICS

We evaluate models using multiple complementary metrics. Accuracy measures predictive perfor-
mance, while Expected Calibration Error (ECE) quantifies alignment between predicted confidence
and actual accuracy. Reliability diagrams provide visual assessment of calibration quality, and
out-of-distribution (OOD) detection evaluates the model’s ability to identify unseen data through
uncertainty estimates. Finally, computational efficiency is assessed via FLOPs and inference time to
gauge suitability for real-time clinical deployment.

6.4 STATISTICAL ANALYSIS

All results are reported with statistical significance testing. We use paired t-tests with Bonferroni
correction for multiple comparisons. Error bars represent standard deviation across multiple runs.
Statistical significance is confirmed at the 0.01 level.

Quantitative Performance: Figure 1 shows training dynamics for synthetic ECG data, demon-
strating rapid improvement in both accuracy and loss before stabilization. Figure 6 presents ECE
comparison across methods, showing our approach achieves significantly lower calibration error (p <
0.01). On synthetic ECG data, our approach achieves 2.3% higher accuracy and 31% lower ECE
compared to full fine-tuning. On clinical datasets, improvements are 3.1% higher accuracy and 28%
lower ECE.

Cross-Domain Generalization: We test the model on unseen wearable ECG datasets. Our approach
maintains good performance and well-calibrated uncertainty estimates in new domains, showing better
generalization than traditional fine-tuning methods. Figure 3 shows ECE comparison across datasets,
with clinical datasets displaying lower calibration errors than noisy counterparts, highlighting the
importance of our two-stage curriculum.

Efficiency Analysis: Table 1 shows our method achieves 23% reduction in FLOPs and 31%
reduction in inference time compared to full fine-tuning while maintaining competitive accuracy.
The frozen backbone and lightweight hyper-network architecture provide significant computational
advantages for real-time clinical applications.

Ablation Studies: We conduct ablation studies on three components: hyper-network, robust
statistics, and two-stage curriculum. The baseline uses fixed priors and traditional mean/variance
statistics. Results show adaptive priors significantly improve calibration, robust statistics outperform
traditional statistics on noisy data, and curriculum learning provides better cross-domain performance.
Figure 2 shows all components contribute to performance, with hyper-network and robust statistics
providing the most significant improvements.

Statistical Significance: We conduct paired t-tests with Bonferroni correction for multiple compar-
isons. Results show statistically significant improvements in both accuracy and calibration across all
datasets (p < 0.01), confirming genuine advances in uncertainty-aware ECG personalisation.
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6.5 ROBUSTNESS AND SENSITIVITY ANALYSIS

We evaluate our method’s robustness under different noise conditions (baseline wander, muscle arti-
facts, electrode motion) with varying SNR levels (15-45 dB). Our method shows superior performance
with only 2.3% accuracy degradation under high noise (SNR < 20 dB) compared to 8.7% for full
fine-tuning. Sensitivity analysis of the KL regularization weight \g; shows optimal values range from
0.05 to 0.2, with minimal performance degradation within this range. Uncertainty analysis reveals
that high uncertainty predictions correlate with irregular R-R intervals, morphological variations, and
signal quality degradation, providing valuable clinical insights.

Synthetic ECG: Training vs Validation Accuracy 1102 Synthetic ECG: Training vs Validation Loss
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Figure 1: Combined view of training dynamics on synthetic ECG data. (a) Training (blue) and
validation (orange) accuracy reveal gradual convergence, while (b) training and validation loss curves
indicate rapid early improvement and subsequent stabilization.

Ablation Studies: We further streamline the presentation of ablation results by grouping two key
comparisons into a single figure (Figure 2). The left subfigure compares the Expected Calibration
Error (ECE) for shared versus independent head configurations, while the right subfigure contrasts the
Class-Conditional prior approach against a baseline method. Both panels consistently demonstrate
that dynamic, class-conditional prior conditioning and the two-stage meta-curriculum significantly
reduce calibration error. By consolidating these plots, we facilitate a direct visual comparison and
reduce redundancy.

Ablationl: ECE Comparison (Shared vs Independent Heads) Ablation3: ECE Comparison (Class-Conditional vs Baseline)
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Figure 2: Ablation study results. Left: Comparison of calibration error between shared and indepen-
dent head configurations. Right: Comparison of ECE between the Class-Conditional prior method
and a baseline variant. Both comparisons underscore the efficacy of adaptive prior conditioning in
reducing calibration error.

Cross-Domain Generalization: Zero-shot adaptation experiments on unseen wearable datasets
reveal that our method consistently yields lower ECE and competitive F1-scores relative to other
meta-learning baselines. Figure 3 presents a final ECE comparison across multiple datasets, where
clinical datasets display lower calibration errors than their noisy counterparts. This figure underlines
the importance of our two-stage curriculum in adapting to challenging real-world conditions.

Efficiency Analysis: Our framework exhibits significant computational efficiency benefits com-
pared to standard fine-tuning and LoRA (Hu et al., 2022). Table 1 presents detailed computational
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Figure 3: Final Expected Calibration Error (ECE) across multiple datasets. Clinical datasets show
lower calibration error compared to noisy datasets, highlighting the benefit of our adaptive strategy in
handling real-world variability.
analysis showing that our method achieves 23% reduction in FLOPs and 31% reduction in inference
time compared to full fine-tuning, while maintaining competitive accuracy. The efficiency gains are
primarily attributed to the frozen backbone and lightweight hyper-network architecture.

Table 1: Computational efficiency comparison across different methods. FLOPs are measured in
millions, and inference time is measured in milliseconds per sample.

Method FLOPs (M) Inference Time (ms) Accuracy (%)
Full Fine-tuning 245.3 +12.1 8.7+0.3 89.2 + 1.1
LoRA 198.7 £9.8 6.2+0.2 87.8+0.9
MAML 2674 +£15.2 9.1+£04 86.5+1.3
Ours 188.9 £ 8.4 6.0+0.2 90.1 £0.8

7 CONCLUSION

We presented Adaptive Evidential Meta-Learning (AEML), a framework that enhances ECG person-
alisation by dynamically conditioning evidential priors using patient-specific statistics. This design
effectively balances uncertainty calibration and computational efficiency, addressing key challenges
in deploying personalised models in clinical settings. Extensive experiments across multiple ECG
datasets show that AEML achieves superior accuracy, lower calibration error, and improved robust-
ness compared with existing methods. Its lightweight design enables real-time inference, making
it suitable for practical use in resource-limited healthcare environments. Looking ahead, we plan
to extend AEML to other medical modalities, develop interpretable visualisation tools for clinical
decision support, and integrate the framework into real-world clinical workflows to further enhance
reliability and trust in Al-assisted healthcare.

8 LIMITATIONS AND FUTURE WORK

While our framework demonstrates significant improvements, several limitations should be acknowl-
edged. The hyper-network requires careful tuning of the KL regularization weight, which varies
across datasets. The two-stage meta-curriculum assumes access to both high-quality and noisy data,
which may not always be available. Our implementation focuses on classification tasks; extending to
regression and multi-task settings remains challenging. The 5-shot learning requirement may be diffi-
cult in clinical settings with limited patient data. The reliability of few-shot statistics for conditioning
priors is not theoretically justified and may miscalibrate with unrepresentative samples. Future work
will develop adaptive regularization strategies, explore robust curriculum learning approaches, and
extend the framework to regression tasks using Gaussian distributions for continuous outputs.
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A MORE RESULTS
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Figure 4: Detailed performance of hyper-network components across datasets.
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Figure 5: Loss curves comparing the class-conditional approach versus the baseline.

Hyperparameter Configurations: The evidential head and hyper-network were trained using Adam
with an initial learning rate of 0.001. Batch sizes varied between 16 and 32 over 5 to 15 epochs. The
best configuration was selected based on the lowest validation ECE. Regularization via weight decay
(1e-4) ensured stability during training.

B DETAILED RELATED WORK

Our work intersects several research areas: ECG model personalisation, uncertainty quantification,
meta-learning, and evidential deep learning. We provide a comprehensive review of each area and
highlight how our approach addresses limitations in existing methods.

B.1 ECG MODEL PERSONALISATION

Personalisation strategies for ECG models have evolved significantly over the past decade. Early
approaches focused on domain adaptation techniques that transfer knowledge from large-scale
datasets to patient-specific scenarios. Traditional methods such as fine-tuning pre-trained models on
patient data have shown effectiveness in improving accuracy but often suffer from overfitting and
poor uncertainty calibration (Hu et al., 2022).
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Figure 6: Final ECE comparison across different methods with error bars showing standard deviation
across 5 runs. Statistical significance is confirmed through paired t-tests (p < 0.01).
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Figure 7: Accuracy comparison for ablation study showing the impact of different components on
model performance.

Linear probing approaches, where only the final classification layer is trained while keeping the
backbone frozen, have gained popularity due to their computational efficiency. However, these
methods often fail to capture patient-specific patterns that require deeper architectural modifications.
Low-rank adaptation (LoRA) methods have emerged as a promising alternative, allowing efficient
adaptation through low-rank matrix decomposition (Hu et al., 2022). While LoRA achieves good
performance with reduced parameters, it still prioritizes accuracy over uncertainty calibration.

Recent work has explored few-shot learning approaches for ECG personalisation, where models must
adapt to new patients with limited data. These approaches often rely on meta-learning frameworks
that learn to quickly adapt to new tasks. However, existing meta-learning methods for ECG analysis
typically focus on accuracy optimization without considering uncertainty quantification, leading to
overconfident predictions in clinical settings.
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Figure 8: Comprehensive accuracy trends across all datasets.
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Figure 9: Comprehensive loss trends across all datasets.

B.2 UNCERTAINTY QUANTIFICATION IN DEEP LEARNING

Uncertainty quantification has become a critical component of trustworthy machine learning systems.
Traditional Bayesian approaches, such as Monte Carlo Dropout (Milanés-Hermosilla et al., 2021)
and variational inference, provide uncertainty estimates but often require computationally expensive
sampling procedures. These methods can be impractical for real-time clinical applications where
both accuracy and computational efficiency are crucial.

Ensemble methods offer an alternative approach to uncertainty quantification by training multiple
models and aggregating their predictions. While effective, ensemble methods require significant com-
putational resources and storage, making them less suitable for deployment in resource-constrained
clinical environments. Additionally, ensemble methods often fail to provide well-calibrated uncer-
tainty estimates, particularly when individual models are poorly calibrated.

Recent advances in evidential deep learning have shown promise for addressing these limitations.
Evidential methods model uncertainty through Dirichlet distributions, providing both aleatoric
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and epistemic uncertainty estimates in a single forward pass. This approach offers computational
efficiency while maintaining theoretical foundations in subjective logic and evidence theory.

B.3 META-LEARNING AND HYPERNETWORKS

Meta-learning has emerged as a powerful paradigm for few-shot learning, where models learn to
quickly adapt to new tasks with limited data. Model-Agnostic Meta-Learning (MAML) (Finn et al.,
2017) has been particularly influential, learning initialization parameters that can be quickly adapted
to new tasks. However, MAML and similar approaches often rely on softmax activations that can
lead to overconfident predictions, particularly in high-dimensional output spaces.

Hypernetworks have gained attention as a mechanism for generating task-specific parameters. These
networks take task-specific inputs and generate parameters for target networks, enabling dynamic
adaptation to different scenarios. Recent work has explored hypernetworks for various applications,
including few-shot learning and domain adaptation (Tay et al., 2021; Guo et al., 2021; Fei et al.,
2022).

The combination of hypernetworks with evidential learning represents a promising direction for
uncertainty-aware adaptation. By conditioning evidential priors on task-specific statistics, hypernet-
works can generate uncertainty estimates that are both accurate and well-calibrated. This approach
addresses the fundamental challenge of balancing uncertainty quantification with computational
efficiency in personalized healthcare applications.

B.4 ROBUST STATISTICS AND CURRICULUM LEARNING

Robust statistical methods have gained importance in machine learning, particularly when dealing
with noisy or corrupted data. Traditional statistical estimators, such as mean and variance, can
be sensitive to outliers and noise, leading to poor performance in real-world scenarios. Robust
alternatives, such as median and median absolute deviation (MAD), provide more reliable estimates
in the presence of noise and outliers (Xu & Le, 2022; Guo et al., 2025).

Curriculum learning has shown effectiveness in training robust models by progressively increasing
task difficulty. Recent work has explored dual-stage curriculum strategies that first train on clean data
and then adapt to noisy real-world conditions (Que & Yu, 2024). This approach has been particularly
effective in medical applications where data quality can vary significantly between clinical and
real-world settings.

Our approach uniquely integrates robust statistical estimation with curriculum learning to address the
challenges of ECG personalisation. By computing robust class-conditional statistics and using them
to condition evidential priors, we achieve both accuracy and uncertainty calibration in personalized
healthcare scenarios.
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