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Abstract

Modern artificial intelligence (Al) solutions often face problems of the “black box” nature of deep learning
(DL) models, which limits their transparency and trustworthiness in critical medical applications. In this
study, we propose and evaluate a scalable approach for enhancing the interpretability of DL models in
medical signal and image processing by translating complex model decisions into features that are
understandable to healthcare professionals. The proposed approach was tested on two medical datasets:
ECG signals for arrhythmia detection and MRI scans for heart disease classification. The performance of
the DL models was compared with expert annotations, using Cohen’s Kappa coefficient as the primary
metric to assess agreement. The study found strong agreement between DL model predictions and expert
annotations, with Cohen’s Kappa coefficients of 0.89 for the ECG dataset and 0.80 for the MRI dataset,
demonstrating the usefulness of the approach in providing reliable and interpretable results. In sum, the
proposed scalable approach significantly improves the interpretability of DL models in medical
applications.
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1. Introduction

The rapid development of Al has made it important to explain the decisions made by Al or in other
words, to develop understandable Machine Learning (ML). The term “explainable artificial
intelligence” (XAI) [1] suggests an Al system, which decisions are understandable to the average
user. This term contrasts with the “black box” concept [2], where the decisions generated by Al are
incomprehensible to the end user. It is also worth noting that XAI implements the «right to
explanation» [3], that is, the right to have a clear explanation of the result of the algorithm’s work.
This right applies to each of us when the algorithm’s decision directly affects a person. Such rights
are already being developed, although the general “right to explanation” is still under discussion. In
the information society, the “right to explanation” is becoming an extremely important concept, as
digital technologies, Al, and ML will continue to be actively applied to solving various problems of
human activity [4, 5].

In general, it is believed that XAI adheres to three principles: transparency, interpretation, and
explanation [6]. We can talk about the inherent transparency of XAl if the developer can describe
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and explain how the model forms and updates parameters from statistical training data and how it
makes predictions on new data [7]. By interpretation of XAI, we mean understanding how the Al
model forms its output data and explaining its decisions to people [8]. Explanation in XAI is an
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important concept but without a clear definition. It is believed that Al explanation in a broad sense
is a set of features that influenced the decision (i.e., classification or prediction) for a specific case
[9]. If Al-based approaches meet these requirements, then they are said to provide the basis for
justifying decisions, tracking and verifying them, and improving and researching new facts [10].

XAl issues are especially critical in areas such as medicine, defense, finance, and law, where it is
important to understand Al decisions and trust them [11]. Today there are many approaches that
provide decent results in various tasks of such sensitive areas of human activity [12]. In general, DL
methods provide better results compared to traditional ML methods for solving problems with
heterogeneous data. In particular, convolutional neural network (CNN) models [13] are state-of-the-
art for computer vision tasks [14], and transformer models are state-of-the-art for natural language
processing tasks [15]. However, as already mentioned, decisions made by DL methods are not always
transparent and understandable.

In this study, we address the problem of explaining decisions made by AL In our previous work
[16], we proposed an approach to explaining the results of a DL model based on visual analytics with
a transition matrix from the DL model to the ML model. However, the use of this approach [16] to
explain DL decisions assumes the presence of two corresponding models, DL and ML. However, in
practice, there are often cases when there is a DL model, but there is no corresponding ML model. In
this case, we cannot apply the specified approach to explaining the decisions made by the DL model.
In this study, we propose an extension of our previous approach [16] to consider the absence of an
ML model corresponding to the DL model.

Therefore, this work aims to apply our previous approach to the case of medical data processing,
where there is no ML model like the DL model; instead, we consider a set of features that are
understandable to a healthcare expert. Using these features, we propose to interpret the decisions
obtained by the DL model. Finally, the main contribution of this work is the scalable approach to
explain the results obtained by DL models, based on features understandable to a healthcare expert
(end-user) for medical signal and image processing tasks.

The structure of the article is as follows. Section 2 provides an analysis of sources on explainable
artificial intelligence for critically important tasks. Section 3 describes the proposed approach to
presenting decisions made by DL models using features understandable to the physician, given the
solution of medical signal and image processing problems. Section 4 presents the results of
computational experiments and their interpretation.

2. Related works

The field of XAI is experiencing significant advancements, particularly in the development of
methods to enhance the transparency of Al models in the healthcare domain. Researchers are
actively exploring various approaches, including the construction of feature models and the use of
manually crafted features to provide clearer explanations of Al decisions. These efforts are crucial
for fostering trust and reliability in Al-driven clinical applications, as they bridge the gap between
complex model outputs and the need for interpretable, actionable insights in healthcare.

As an example, Bassiouny et al. [17] present an innovative approach to diagnosing neonatal lung
diseases by training an object detection model, faster-RCNN, to identify seven key lung ultrasound
features rather than making direct diagnostic predictions. This methodology enhances the
interpretability of the results and keeps clinicians in control by providing annotated images to
support their diagnostic decisions. The study demonstrates that the model surpasses single-stage
detectors like RetinaNet, achieving high mean average precision, thus balancing performance with
trustworthiness in medical practice.

In their review, Salahuddin et al. [18] explore various interpretability methods for deep neural
networks in medical image analysis, emphasizing that these methods aim to enhance transparency
and trust in Al systems. They highlight that while these interpretability techniques provide valuable
insights, they are often approximations and may not fully capture the true decision-making
processes of the models, necessitating cautious application in clinical settings. In addition, Chan et



al. [19] developed and compared three machine learning models to predict long-term mortality in
critically ill ventilated patients, finding that boosting algorithms, random forest, and logistic
regression achieved similar performance.

Similarly, Lu et al. [20] propose a comprehensive workflow that includes a step where medical
professionals label differential diagnosis features according to medical guidelines, effectively
blacklisting irrelevant features extracted from electronic health records. This approach aims to
«reduce workloads of clinicians in human-in-loop data mining» by focusing on feature oversight
rather than full prediction, thus enhancing the trustworthiness and efficiency of the Al model.

In [21], Moreno-Sanchez et al. enhances a heart failure survival prediction model by integrating
explainable Al techniques, aiming to balance predictive performance and interpretability. This
approach provides transparency by explaining feature contributions to predictions, making the
model’s decision-making process clearer for clinicians. Consequently, it fosters greater trust and
practical adoption in clinical settings.

Pintelas et al. [22] introduce a novel framework for 3D image recognition that utilizes
interpretable features such as lines, vertices, and contours to enhance explainability. This approach
is particularly promising for medical imaging, achieving performance comparable to state-of-the-art
black-box models while maintaining transparency. However, the development of interpretable
methodologies for 3D image segmentation remains an emerging area of research, with most existing
techniques originally designed for 2D image classification tasks.

Consequently, the analysis of related sources has revealed the absence of clear methodologies for
constructing feature models. Consequently, the primary objective of this study is to elucidate the
decision-making processes of DL models in addressing the challenges of processing medical signals
and images. To fulfill this aim, it is essential to develop a new scalable visual analytics approach,
utilizing a transition matrix to bridge the DL model’s decision-making with the task of explaining
these decisions in the context of medical signal and image processing.

3. Methods and materials

3.1. Basic approach

In our previous work [16], the problem of explaining decisions made by DL models is considered
according to the idea illustrated in Figure 1.
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Figure 1: This diagram illustrates the process of converting various input medical data samples, such
as images, signals, text, etc. into a training set of labeled samples, which are then used to generate



models with features categorized as either clear or unclear to the end user, forming the basis for
explainable Al in medical applications.

Let us have input information that can be presented in the form of i) images; ii) signals; iii) text
fragments, etc. (Figure 1). The end user, who is assumed to be a specialist in a specific subject area,
empirically, according to their own experience and knowledge of the subject area, highlights certain
areas of attention (receptive fields) on this input information and forms a so-called set of features
that characterize the objects of the input information. According to the current appearance of these
features, a decision is made about the state in which these areas of attention are located: qualitatively
or quantitatively. The set of states of these features is intended to form a so-called transparent
solution, for example, assigning to a certain class.

The process described above involves the formation of ML models, which have all the necessary
features of understandable Al: transparency, interpretability, and explainability. Otherwise, these
features (areas of attention) are formed according to certain algorithms (DL models) and, as a result,
are not entirely clear, or not at all clear to the end user.

It is worth noting that there are also intermediate cases when the signs are «in the middle»
between the indicated cases, such as:

e  Decomposition of understandable areas of attention into «incomprehensible» signs, both

with the possibility of reverse transformation and without such possibility.

e Inaddition to features understandable to the public of experts, there may be separate features

(or combinations of previously obtained ones) that are understandable to more experienced

experts or are based on intuition; here, for each specific case, the community decides whether

these cases are transparent or not.

As aresult of the above, let us have one training sample and two models with features. One model
is built by the DL model, and the other model has features formed by an expert.

Next, let us formalize the problem under consideration. We represent the features of the DL model
in the form of matrix A of dimension mxk and the features of the other model in the form of matrix
B of dimension mx! as follows:
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where m is the number of vectors obtained from the training sample during DL model training, k
represents the number of features, [ stands for the number of features.
We emphasize once again that the features formalized in formulas (1)—(2) are obtained from the
same training sample. We also note that in general k can be equal to, less than, or greater than L
In practical problems that are modeled in this way, that is, in the presence of two mappings for
the same objects for different sets of features, it is often necessary to express feature vectors of
different dimensions through each other. In other words, consider the problem where for different
matrices A and B it is necessary to find such a matrix T that the following equality holds:
B =TA, (3)
where T'is the transition matrix between matrices A and B.
Note that in linear algebra, formula (3) is a usual change of basis of a vector space, and if the
condition m = k = [is met, finding matrix T'is trivial, that is:
T =BA™L. (4)
For the case under consideration, m # k # [, the inverse matrix does not exist, and therefore it is
proposed to apply a generalization of the inverse matrix — the pseudo-inverse matrix. We propose
to find such a matrix T of dimension kx[, which will provide the transition between matrices A and
B:
AT =~ B. (5)



Note that the approximation in formula (5) is established with respect to the Euclidean norm in
the feature space of the matrices. It is proposed to find matrix T as follows:
T ~ A*B. (6)
In practice, it is proposed to define A* using SVD decomposition [24], even though other methods
are described in the previous work [16]:
At =vXtUT, (7)
where A = VEZUT is the singular value decomposition of matrix A, the matrix X% is formed by
transposing the matrix X and replacing all its non-zero values of diagonal elements with inverse

ones:
Yt=[D*:0], m=k;
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Therefore, for an arbitrary row vector of features a;, i = 1, k, obtained by the model defined by

k,
matrix A, the corresponding row vector of features b/, j = 1, [, by the model defined by matrix B, is
determined using the obtained transition matrix T as follows:
bi=aT, i=1Lk j=1.L (8)

The approach described above (1)-(8) somehow correlates with approximation, that is, the
description by one function, even given in tabular form, of a given form of another function, perhaps
also in tabular form.

There are several approaches to data approximation. One of them consists in approximating a
complex function with a simpler function, which is used for all tabular values, but it is not necessary
that it passes through all points. This approach is also called curve fitting, which is sought to be
carried out so that its deviation from the tabular data is minimal. The authors propose to use the
transition matrix T according to formula (4) between two feature models, presented in the form of
matrices, for the same set of input data as such a function.

Figure 2 briefly shows the main steps of the basic approach, first proposed in our previous work
[16], to obtaining the transition matrix T.
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Figure 2: Diagram of the basic approach to obtaining the transition matrix T.

Below we will briefly describe the steps of the approach illustrated in Figure 2.

First, we extract two matrices, A from the DL model and B from the ML model, both representing
the same data samples.

Step 1: Use a visual analytics tool to map these feature vectors as points on a plane, ensuring their
relative positions match across models.

Step 2: Compute the pseudo-inverse matrix A*.

Step 3: Calculate the transition matrix T.

Finally, use matrix T to translate DL results into features understandable by the ML model.



3.2. The proposed scalable approach

This paragraph describes a new way of constructing matrix B without an ML model, which will allow
applying the approach from Figure 2 when no ML model corresponds to the DL model.

The proposed scalable approach is aimed at simplifying complex, hard-to-understand features
from a DL model into a more user-friendly form, making the results easier to interpret. The extracted
feature vector, which is the penultimate layer in a DL model, is transformed using a transition matrix
Tby formula (6) to produce results that are understandable to the end user.

Suppose there is an expert in the subject area of the problem under consideration (i.e., the end-
user) who compiles an exhaustive list of features by which they determine the belonging of an object
to a particular class. Further, for each feature from the list of features, the expert indicates the
numerical intervals into which the value of the feature should fall for the classes under consideration.
Finally, for each instance (object) from the training dataset, the value of each feature is calculated.

The values of features can be determined in several ways, namely:

e  Empirically, using the expert’s knowledge of the subject area of the problem under

consideration.

e  Using formulas or statistical indicators that are understandable to the end user.

e By visual representation (in various ways) of a fragment of a signal or image, in comparison

with similar fragments from labeled training data.

e  Utilizing visual analytics.

Using ML models specially built for this case.

Using DL models specially built for this case.

e In other ways.

Figure 3 shows the main steps of the method for constructing matrix B, according to the proposed
scalable approach.
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Figure 3: Diagram of constructing matrix B for the proposed scalable approach of visual analytics
with a transition matrix from the DL model to the so-called feature model.

Below we provide the following steps to build matrix B.

Input information: An expert in the subject area of the problem under consideration and the
dataset on which the DL model was trained.

Step 1: The expert compiles a list of features, by the values of which the end user sees the
belonging of the object to a certain class. The list should be as exhaustive as possible and, if possible,
exclude mutual intersections between classes, that is, the belonging of an object to several classes
simultaneously.

Step 2: For each feature defined in the previous step, numerical intervals of belonging and non-
belonging to the class are indicated.

Step 3: The expert defines ways to obtain numerical values of the feature: empirically, by
calculation formulas, by visual representation of the current fragment in comparison with similar
fragments from labeled training data, using visual analytics tools, by created ML or DL models for
this case, or by other methods.

Step 4: For each object from the training set, features are determined, and the corresponding row
of matrix B is formed.



Output information: Matrix B.—

3.3. Evaluation criteria

In this work, Cohen’s Kappa coefficient (k) is used to evaluate the quality of the proposed approach.
The « coefficient is a reliable statistical indicator for evaluating inter-expert reliability for qualitative
(categorical) elements. It quantifies the level of agreement between two experts beyond chance.

The formula for Cohen’s Kappa coefficient « is as follows:

P,—P,
“1-p’ ©)

e

where P, is the level of observed (empirical) agreement between two experts, and P, is the level
of expected (calculated) agreement between the same experts.

For the problem of binary classification of medical signals and/or images with a confusion matrix

K

consisting of true positives (TP), false positives (FP), true negatives (TN), and false negatives (FN),

the elements of formula (9) have the following form:
TP + TN

P, = : 1
° TP+ FP + TN + FN (10)
b (TP + FP) x (TP 4+ FN) 4+ (TN + FN) x (TN + FP) "
e (TP + FP 4+ TN + FN)?2 :

In the formula (10), P, is the proportion of cases in which the DL model and the human expert
come to a consistent decision. Instead, in the formula (11), P, is calculated based on the marginal sum
values of the decisions of the two experts.

The value of the x coefficient according to formula (9) is in the range [-1;1], where 1 denotes
perfect agreement, 0 stands for no agreement, and negative values reflect less agreement than
expected by chance.

4. Results and discussion

Experimental evaluation of the proposed scalable approach was performed by solving two problems
with DL models:
e Detection of pathologies of heart activity disorders (arrhythmias) based on
electrocardiogram (ECG) signals [26].
e  Detection of pathologies in the areas of the myocardium, left and right ventricles, based on
magnetic resonance imaging (MRI) [27].
Next, we will present the results and discussion of the application of the proposed approach to
explaining the decisions made by DL models.

4.1. Detection of pathologies of heart activity based on ECG signals

The proposed approach was validated by the constructed DLg.; model for the problem of detecting
pathologies of heart activity (arrhythmias) based on ECG signals [26]. Below we will describe the
training dataset, the DLgc; model, and the set of features that explained the decisions and results of
the proposed approach (the value of «).

4.1.1. Training dataset and DL model

The problem of detecting pathologies of heart activity (arrhythmias) based on ECG signals was
solved using the reference dataset MIT-BIH Arrhythmia Database (MIT-BIH) [28]. The training of
the DLgc; model was performed on 80% of the data from MIT-BIH. Given the annotations of the
MIT-BIH set, the following classes/pathologies were selected for the classification problem:

1. Normal beat.



Premature ventricular contraction.
Paced beat.
Right bundle branch block beat.
Left bundle branch block beat.
Atrial premature beat.
Fusion of ventricular and normal beat.
Fusion of paced and normal beat.
Others.
Input information for training and testing the DLgc; model is presented as a triad of cardiac
cycles — in the center is the main cardiac cycle, to which the previous and next cardiac cycles were
added (Figure 4).

T, e

(b)

Figure 4: Examples of presenting the input fragment of the ECG signal as a triad of cardiac cycles:

AR I T

(a) with a heterogeneous display of the R-peak and (b) with a homogeneous expression of the R-
peak.

In this work, the DLg¢; model was created based on the modified architecture from our previous
work [26]. The classification accuracy for the training set was 99.95%, for the test set — 99.13%.

The penultimate layer of the DLgc; model contained 8192 neurons, and the number of samples
in the training sample was 52,180. Accordingly, the size of the Agc; matrix was mg¢s = 52,180 — the
number of objects from the training subsample of the MIT-BH dataset, kgcs = 8,192 — the number of
features formed by the DLg-; model.

4.1.2. Features for explanation

For the experiment, the class identified as «Premature Ventricular Contraction» (PVC) or
«Ventricular Extrasystole» was selected. Cardiologists pinpointed key ECG features to identify this
condition:

e  Absence of the P-peak.

e  An expanded and deformed QRS complex, with deformation indicating a change in shape.

Specifically, a right ventricular extrasystole mimics a left bundle branch block in lead V1, while a

left ventricular extrasystole resembles a right bundle branch block.

e A complete compensatory pause, defined as the interval between two sinus rhythm

ventricular complexes surrounding an extrasystole, which equals double the RR interval of the

sinus rhythm. This pause marks the time from the extrasystole until the next normal contraction.

4.1.3. Statistical analysis for ECG classification

Given the significant amount of the training set and the significant time of experts regarding filling
in the values of features, non-empirical methods of determining the value of features were used in
this work.

For the «Absent P-peak» feature, the visual analytics tool Principal Component Analysis (PCA)
was used. The application of PCA and the reduction of data dimension to 3 made it possible to make



sure that the signal fragment with the presence and absence of P-peaks is separate. Given this, the
presence/absence of the P-peak was determined using the Neurokit2 toolkit [29]. Visualization of
dimensionality reduction by PCA for the «Absent P-peak» feature is shown in Figure 5.

For the «Expanded and deformed QRS complex» feature, due to the complexity of its detection
by other methods, it is proposed to use a specially trained neural network.

The «Full compensatory pause» feature. A compensatory pause is the time elapsed after an
extrasystole until the occurrence of a normal contraction. Therefore, in the case when the
extrasystole is located between other extrasystoles, this calculation is not performed and is calculated
only for the last case of extrasystole in the sequence.

-0.5
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Figure 5: The result of applying PCA to determine the «Absent P-peak» feature.

The presence or absence of this feature was checked as follows:

1. Using the Neurokit2 package, the average R-R interval between normal cardiac cycles (RR},)
was determined.

2. The interval between the R-peak with extrasystole and the R-peak of the previous cycle
(RRprep) was determined.

3. The interval between the R-peak with extrasystole and the R-peak of the next normal cycle
(RRyextt) was determined.

4. A full compensatory pause was determined under the following condition:
RRprev + RRnext =2X RRn'

(2 X RR;, — (RRprey + RRyext )) < tolerance.

According to the above rules, the values of features were determined for each sample from the
training set, and, in this way, matrix B was obtained. Further, according to formula (6), the transition
matrix T was determined.

e  Coefficient k; was calculated to evaluate the agreement between the class annotations in the

test set and the class predictions made by the DLg-; model.

e  Coefficient k,was calculated to determine the agreement between the class annotations

obtained by the DLgc; model and those obtained by the approximated feature values.

The resulting k; was 0.98. To assess the precision of this estimate, a 95% confidence interval (CI)
was computed, resulting in a CI of 0.96 to 1.00. Additionally, the associated p-value was calculated
to be <0.001, indicating that the observed agreement is highly unlikely to be due to chance. The high



K; value, combined with the narrow confidence interval, signifies an almost perfect agreement
between the expert annotations and the DLgc; model’s predictions. This strong agreement is further
supported by the p-value, which confirms the statistical significance of the result.

The resulting x, was 0.89, with a 95% CI of 0.85 to 0.93, and a p-value of <0.001. This x, value
indicates a strong agreement between the model’s predictions and the approximated feature-based
annotations, although it is slightly lower than k. The slightly broader confidence interval reflects a
bit more variability in the agreement, which could be attributed to the approximation process.
Nonetheless, the p-value still indicates that this agreement is highly significant, and the k, value
demonstrates that the expert’s features can reliably replicate the decisions made by the DLg; model.

The comparison between k; and k,, along with their respective confidence intervals and p-values,
provide a comprehensive understanding of the model’s performance. The high k; value, coupled
with a narrow confidence interval and a significant p-value, confirms the DLg; model’s capability
to accurately classify ECG signals in alignment with expert annotations. The slightly lower, yet still
strong, k, value suggests that while the approximated feature values can effectively mirror the
model’s decisions, there is a slight decrease in agreement, which may warrant further investigation
into the approximation methods, or the features used.

4.2. Detection of pathologies of heart activity based on MRI

The proposed scalable approach was also validated by the DLyr; model for the problem of detecting
pathologies of heart activity based on MRIs [27].

Next, we will briefly describe the training dataset of MRIs, the DLyr; model, the set of features
that explained the decisions, and the results of the proposed approach (the value of ).

4.2.1. Training dataset and DL model

For the problem of detecting pathologies of heart activity based on MRIs, a modified dataset of the
Automatic Cardiac Diagnosis Challenge (ACDC) [30] was used. Samples of the ACDC set of 100 and
50 patients were used for training and testing the network, respectively. Given the annotations to
the ACDC set, the following classes/pathologies were selected for classification:

e  Normal condition.

e Dilated cardiomyopathy (DCM).

e  Hypertrophic cardiomyopathy (HCM).

e  Myocarditis (MINF).

e Arrhythmogenic right ventricular cardiomyopathy (ARV).

An example of presenting input data to the DL model according to the ACDC dataset is illustrated
in Figure 6.
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Figure 6: Visualization of input data for classification: segmented MRIs for ES phase (a) and ED
phase (b) with preservation of MRI signal intensity values.




The DLyg; model was created based on the modified architecture from our work [27]. The
classification accuracy for the test set of MRIs was over 96.5%. The size of the Ar; matrix was myg;
= 100 — the number of objects from the training subsample of the ACDC dataset, kyp; = 1024 - the
number of features formed by the DLysz; model.

4.2.2. Features for explanation

In modern medical practice, various features from MRIs are actively used for the classification of
heart diseases, which correspond to the classes considered above. For our task, 20 features were used,
selected by experts (cardiologists). At the same time, according to the features of identifying
pathologies identified by the doctor, the following set of geometric features was formed for further
classification.

1. The ratio of the volume of the left ventricle to the volume of the right ventricle at the end of

systole.

2. The volume of the left ventricle at the end of systole.

3. The ratio of the volume of the left ventricle to the volume of the right ventricle at end-

diastole.

4.  The volume of the left ventricle at end-diastole.

5. The volume of the right ventricle at end-systole.

6. The volume of the right ventricle at end-diastole.

7.  Ejection fraction of the left ventricle.

8.  Ejection fraction of the right ventricle.

9.  The ratio of myocardial volume to left ventricular volume at the end of systole.

10. Myocardial mass at the end of diastole.

11. Myocardial volume at the end of systole

12. The ratio of myocardial mass to left ventricular volume at the end of diastole.

13. Maximum average myocardial wall thickness at end-diastole.

14. Maximum average myocardial wall thickness at end systole.

15. Mean standard deviation of myocardial wall thickness at end-systole.

16. Mean standard deviation of myocardial wall thickness at end-diastole.

17. Standard deviation of the standard deviation of myocardial wall thickness at end-diastole.

18. Standard deviation of the standard deviation of myocardial wall thickness at end-systole.

19. Standard deviation of mean myocardial wall thickness at end-diastole.

20. Standard deviation of mean myocardial wall thickness at end-systole.

4.2.3. Statistical analysis for MRI classification

For further experiments, the class «DCM was chosen. Since the volume of the training set was small,
it did not take much time for experts to fill in the values of features. Cardiologists as experts
determined the values of features for each sample from the training set and, in this way, matrix B
was formed. Further, according to formula (6), the transition matrix T was determined.

For each object from the test set, the values of features were approximated according to the
formula (8). Subsequently, two key values of x were also calculated to assess the agreement between
the predictions DLyg; of and the expert annotations. These k values provide a quantitative measure
of the reliability and consistency of the DLyz; model’s performance, and they were computed using
the formula (9).

e  Coefficient k; was calculated to evaluate the agreement between the class annotations in the

test set and the classifications made by the DLyz; model.

e  Coefficient k, was calculated to determine the agreement between the class annotations

obtained by the DLj;z; model and those obtained through the approximated feature values.



The resulting k4 value was 0.87, indicating a very good level of agreement. To further substantiate
this finding, a 95% confidence interval was computed, yielding a range of 0.83 to 0.91. Additionally,
the associated p-value was determined to be <0.001, confirming the statistical significance of this
agreement. The relatively narrow confidence interval suggests that the x; value is a stable estimate,
and the low p-value strongly supports that the observed agreement is unlikely due to random chance.
This high x; value aligns well with the model’s overall performance, highlighting the DLy;z; model’s
robust capability in accurately classifying MRI data per expert labels.

The resulting k, value was 0.80, with a 95% confidence interval of 0.76 to 0.84, and a p-value of
<0.001. This x, value indicates a significant match, though slightly lower than k4, reflecting a strong
agreement but with slightly more variability. The broader confidence interval compared to K
suggests some degree of uncertainty, possibly arising from the approximation process or the inherent
variability in the feature values. Nonetheless, the significant p-value still confirms that this
agreement is meaningful and not due to random variation.

The comparison between i, and k,, along with their respective confidence intervals and p-values,
provides a detailed insight into the DLyz; model’s performance and the reliability of the feature
approximation approach. The k, value of 0.87, with a narrow confidence interval and a highly
significant p-value, underscores the strong alignment between the model’s predictions and expert
annotations. Meanwhile, the slightly lower ., value of 0.80 suggests that while the approximation
method is effective, there is a minor decrease in agreement that could be attributed to the complexity
of the MRI data or the approximation method itself.

Overall, the inclusion of these detailed statistical indicators, i.e., xk values, confidence intervals,
and p-values, adds robustness to the analysis, strengthening the reliability and validity of both DLz,
and DLgc; model’s performance and the transparency of the proposed scalable approach.

4.3. Limitations of the proposed scalable approach

The proposed scalable approach of visual analytics has shown high reliability, with strong agreement
between the DLpc; and DLypp; models and expert annotations, demonstrating excellent
interpretability. However, several limitations must be noted:

e  Feature selection bias. Relying heavily on expert knowledge for feature selection can lead to

biases, which may result in overfitting and reduce the model’s ability to generalize to unseen data.

This risk is higher when features are tailored to specific datasets without sufficient variability.

e  Complexity versus interpretability. As DL models become more complex, maintaining

interpretability becomes increasingly challenging, especially when handling large,

interconnected features. There is a trade-off between performance and explainability that must
be carefully managed to prevent overwhelming users with overly technical or unintuitive
explanations.

e Inconsistent feature quantification. Experts may struggle to consistently assign numerical

values to features, which can lead to variability in training data and affect the reliability of the

model’s explanations, particularly in cases where precise quantification is needed.

e  Adaptability to different datasets. The scalability and adaptability of this approach to

different datasets and clinical settings remain uncertain. Significant reconfiguration may be

required for new data sources, limiting the approach’s broad applicability.

To overcome these limitations, future research should focus on reducing biases in feature
selection, ensuring models can generalize to unseen data, refining feature quantification methods,
and improving the scalability and adaptability of the approach across different medical datasets and
environments.



4.4. Discussion on future work

First, while the proposed approach is scalable, its adaptability to diverse medical datasets and clinical
environments requires further exploration. Ensuring that the approach can generalize effectively
across various types of medical data, such as radiological images, electrocardiograms, and clinical
reports, is crucial for its widespread applicability. Each dataset presents unique challenges, ranging
from differences in imaging modalities to variations in clinical practices, that may affect the model’s
performance and interpretability. Testing this approach across multiple datasets, including those
with varying quality, data distributions, and medical conditions, will help establish its robustness
and ensure that it can be deployed effectively in real-world healthcare settings. In addition, clinical
environments differ significantly, and models may require fine-tuning to adapt to specific clinical
workflows or diagnostic guidelines. Therefore, future work should focus on evaluating the model’s
performance in diverse clinical scenarios, ensuring that its scalability is matched by a capacity to
generalize effectively across both datasets and environments

Integrating domain-specific knowledge, such as clinical guidelines, expert rules, or established
diagnostic protocols, is essential to improving both the quality of explanations and the performance
of the model. By embedding clinical knowledge directly into the feature selection process, the model
can generate more contextual explanations that resonate with healthcare professionals. For instance,
using expert-defined diagnostic rules for conditions like arrhythmia or cardiomyopathies ensures
that the features highlighted by the model are not only relevant but also clinically actionable. This
approach might enhance interpretability and strengthen the trustworthiness of the Al system, as
clinicians can better align the model’s predictions with their own clinical judgments. In this regard,
future research might also focus on building frameworks that allow the seamless integration of such
domain knowledge into Al systems, ensuring that they remain transparent while adhering to medical
best practices.

Finally, beyond technical performance, ethical considerations must be at the forefront when
deploying explainable Al in healthcare. The introduction of Al-generated explanations in clinical
settings can have profound impacts on decision-making processes and patient outcomes.
Transparency is crucial, but it is equally important to ensure that these explanations do not lead to
a false sense of security or over-reliance on Al systems. Healthcare providers must remain
accountable for final decisions, particularly when Al-generated insights conflict with clinical
intuition. Moreover, the use of Al in sensitive scenarios, such as life-threatening conditions, raises
questions about the adequacy of Al-driven interventions and their potential to introduce bias or
errors into the healthcare process. The integration of explainable AI thus necessitates the
development of ethical frameworks that guide its application, ensuring that patient autonomy,
informed consent, and equitable care are robustly preserved.

5. Conclusions

In this study, we introduced a scalable approach designed to make DL model decisions more
explainable by mapping them to features that are understandable to healthcare experts. The
approach was rigorously tested on two distinct medical datasets: ECG signals used for detecting
arrhythmias and MRI scans for classifying heart diseases. In the ECG experiment, the DL model
achieved a Cohen’s Kappa coefficient of 0.89, demonstrating a nearly perfect agreement with expert
annotations. Similarly, for the MRI dataset, the model showed a Cohen’s Kappa coefficient of 0.80,
indicating a strong agreement, thereby underscoring the reliability of the proposed method in
replicating expert-level decisions. Overall, the obtained results underscore the approach’s
effectiveness in enhancing model explainability. Nonetheless, the approach faces challenges,
particularly in creating an exhaustive feature list and ensuring consistent numerical feature values.

Future work should focus on improving the feature selection process by incorporating more
standardized and automated methods to reduce variability.
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